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Abstract
Among the various kinds of energy resources, mechanical energy is ubiquitous from
a great variety of sources, including human activities, vibrations, vehicle operation, etc.
In order to make use of mechanical energy in the ambient environment, piezoelectric
materials, which can directly convert mechanical energy into electrical energy by utilizing
the piezoelectric effect, have been utilized to fabricate mechanical energy harvesters for
practical application. In addition, the spontaneous polarization inside the piezoelectric
materials is favorable for the degradation of organic pollutants and hydrogen production,
which makes the piezoelectric material promising for catalytic reactions.
Up to now, different kinds of piezoelectric materials, such as ZnO and perovskite
ferroelectric materials have been utilized to transform mechanical energy into electricity
in various ways. Compared with ZnO, perovskite ferroelectric materials with better
piezoelectric properties are more suitable for harvesting mechanical energy. Among the
various kinds of perovskite piezoelectric materials, BiFeO3-based solid solutions,
BiLaFeO3-PbTiO3, and BiFeO3-BaTiO3 are attracting increasingly attention due to their
comprehensively excellent piezoelectric properties.
Therefore, in this doctoral work, we first synthesized La modified (1-x)BiLaFeO3-x
PbTiO3 (BLF-PT) solid solution through the solid state reaction method. The
morphotropic phase boundary (MPB) composition of BLF-PT was reported to be located
at x = 0.43 with the high Curie temperature of 355 °C. The remnant polarization, Pr, and
the coercive field are on the order of 40 µC/cm2 and 28 kV/cm, respectively, while the
piezoelectric coefficient is 290 pC/N, showing excellent electrical properties. Based on
the above advantages, a flexible energy harvester was fabricated via a cost-effective twostep process with the MPB composition of BLF-PT for exploration of its energy
v
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harvesting properties at elevated temperature. The energy harvesting outputs are sensitive
to the BLF-PT weight fraction and testing frequency. An open circuit voltage of 110 V
and a short circuit current of 310 nA were acquired with 30 wt% BLF-PT under pressure
of 0.18 MPa at frequency of 1 Hz. Of particular significance is that a flexible piezoelectric
energy harvester (PEH) made of BLF-PT exhibited high temperature stability up to 150
℃ and had a voltage output of 30 V at temperatures as high as 300 ℃, showing great
potential for capturing mechanical energy or acting as a sensor over a wide temperature
range.
Furthermore, to eliminate the pollution from lead (Pb), a lead-free piezoelectric
ceramic was synthesized. Similar to BLF-PT, (1-x)BiFeO3-x BaTiO3 (BF-BT) exhibited
the MPB characteristic when x was 0.3. The sample shows a typical hysteresis loop with
the remnant polarization (Pr) of 18 µC/cm2 and coercive field of 27.5 kV/cm, and the
Curie temperature is as high as 485 ℃. Flexible piezoelectric energy harvesters based on
high temperature BF-BT were fabricated with interdigital electrodes. Furthermore, to
improve the electrical output, a single electrode triboelectric energy harvester (TEH) was
fabricated on the surface of the BF-BT based PEH. With an appropriate external
connection, the hybrid piezo-triboelectric energy harvester (P-TEH) generates an opencircuit voltage and a short-circuit current of 175 V and 600 nA, respectively, together
with high power density of 4.1 mW/cm3. Moreover, the flexible P-TEH shows great high
temperature stability up to 200 ℃ with an open-circuit voltage of 150 V and a shortcircuit current of 560 nA, exhibiting excellent potential for use at high temperature.
With great potential applications in environmental remediation and new energy
exploration, in this work, lead-free BF-BT nanoparticles were also synthesized by the
hydrothermal method for use as a piezoelectric catalyst to decompose dyes and generate
hydrogen. The decomposition ratio of Rhodamine B (RhB) dye was as high as ~98% after
vi
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simple mechanical stirring of BF-BT nanoparticles for 6 h in the dark. Driven by
ultrasonic vibrations in the dark, a hydrogen production rate of 17 µmol/g was achieved,
showing the great potential of these nanoparticles to serve as environmentally friendly
catalysts for wastewater treatment and hydrogen generation through harvesting vibration
energy from the environment.
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Chapter 1. Introduction
1.1. Background
Due to the limited resources of fossil-fuels and the serious problems of pollution, it
is of great importance to develop renewable and sustainable energy resources to meet the
great demands of energy consumers and to reduce environmental pollution. In the past
few decades, numerous researchers had paid great attention to exploiting and utilizing
green and renewable energy sources such as solar energy, thermal energy, mechanical
energy, marine energy, and biological energy.[1-6] Among all the energy sources,
mechanical energy is likely the most widely distributed in our daily life, in such forms as
human motion, vibrations, wind, flowing water, etc. Of all the methods to transmit
mechanical energy into available resources that can be used by humans to power electrical
appliance in daily life, piezoelectric energy conversion has been considered as one of the
most promising approaches, since it can is less influenced by public environment.[7]
Piezoelectricity is the phenomenon found in certain crystals, in which an electric potential
(or charge displacement) is generated in response to applied mechanical stress (direct
electric field). The piezoelectric effect can be described by Equation (1-1) and Equation
(1-2):
𝐷𝑖 = 𝑑𝑖𝑗 𝜎𝑗 + 𝜀𝑖𝑖𝑇 𝐸𝑖 or 𝐷𝑖 = 𝑒𝑖𝑗 𝑆𝑗 + 𝜀𝑖𝑖𝑆 𝐸𝑖

(1-1)

𝑆𝑖 = 𝑆𝑖𝑗𝐸 𝜎𝑗 + 𝑑𝑖𝑖 𝐸𝑖 or 𝑇𝑗 = 𝐶𝑖𝑗𝐸 𝑆𝑗 − 𝑒𝑖𝑖 𝐸𝑖

(1-2)

In the two equations, Di is the electrical displacement, dij and eij are piezoelectric
coefficients, which are third rank tensors, σj is the mechanical stress, Ei is the electric
field, Cij is the elastic stiffness coefficient, Sij is the elastic compliance coefficient, and εij
is the permittivity.[8] Under an external force, the central symmetry in the crystal is
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disturbed, thereby forming a piezoelectric potential, which is fundamental for
piezoelectric materials to generate electricity.
In 1880, the piezoelectric effect was discovered in quartz for the first time, which
was proposed by the French physicists Pierre Curie and Jacques.[9] After that, different
kinds of piezoelectric materials were discovered or fabricated with excellent properties to
fit the requirements in different applications. In terms of material properties, piezoelectric
materials can be divided into two branches, inorganic piezoelectric materials and organic
piezoelectric materials.[10] Inorganic piezoelectric materials, which can be divided into
piezoelectric single crystal and piezoelectric polycrystals, are widely used due to their
superior piezoelectric properties. Piezoelectric single crystals possess a single crystal
structure and natural piezoelectricity, such as nonferroelectric quartz and ZnO.[11] Usually
piezoelectric single crystals are characterized by their stable performance, with high
mechanical strength and excellent insulating properties. Polycrystalline piezoelectrics
such as piezoelectric ceramics are composed of many small crystals with random domain
orientations. By applying an external electrical field on the ceramic, the domains will
align in the same direction and exhibit piezoelectricity. BaTiO3, the first discovered
polycrystalline piezoelectric, which features a high piezoelectric constant (d33), high
dielectric constant (ɛ), and Curie temperature (TC), has been widely used in fabricating
excellent capacitors. To further improve the piezoelectric properties, typical piezoelectric
solid solutions with good electrical properties, such as Pb[ZrxTi1-x]O3, and NaxK1-xNbO3,
have been widely studied for commercial usage by adjusting the component ratio, e.g. by
changing the local structure. Rare-earth-doped Pb(Mg1/3Nb2/3)O3–PbTiO3 (PMN–PT)
exhibited an ultrahigh piezoelectric coefficient, d33, and dielectric permittivity, ε33/ε0,
which could reach 1,500 pC/N and 13,000, respectively.[12] Although inorganic
piezoelectric materials have superior piezoelectric properties, they are always fragile, so
2
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that they are easy to break during the fabrication process. Compared to inorganic
piezoelectric materials, organic piezoelectric materials are usually flexible and bendable.
Typical organic piezoelectric materials are polyvinylidene fluoride (PVDF) and its
copolymer poly(vinylidene-co-fluoroethylene) (P(VDF-TrFE)) with the features of
flexibility, high dent resistance and breakdown voltage, relatively low permittivity and
density, and excellent sensitivity. The d33 value of PVDF is only about 20-30 pC/N,
however, which is relatively low.[13] To overcome the shortcomings of both inorganic and
organic piezoelectric materials, a new branch consisting of composites of piezoelectric
polycrystalline ceramics and polymers has been proposed. In the composite piezoelectric
material, the polymer can transfer the stress between the ceramics and the surrounding
medium, while the piezoelectric ceramics can realize the conversion from mechanical
energy to electrical energy. Kwi-II et al.[14] exhibited the first nanocomposite-based
flexible energy harvesting device made of a piezoelectric ceramic material and
polydimethylsiloxane (PDMS), which provided a new concept and simple fabrication
procedure for low-cost self-powered energy systems. The composite material has the
advantages of both the piezoelectric ceramic and the polymer. Compared with traditional
piezoelectric single crystals and piezoelectric ceramics, it has better flexibility, better
mechanical processing performance, and relatively low density. In comparison with
polymer piezoelectrics, it has a higher piezoelectric constant and electromechanical
coupling coefficient, which enables higher sensitivity and better energy harvesting
performance.

1.2. Application of Piezoelectric Materials
Self-powered systems, which harvest energy from the ambient environment through
different kinds of transduction mechanisms,[15] such as solar cells,[16, 17] electromagnetic
generators,[18] wind generators,[19] etc., are attracting more and more attention. These
3
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forms of energy, however, e.g. solar energy, wind energy, are highly dependent on the
external environment, which cannot guarantee a sustainable power supply for the electric
appliances in actual demand. Compared with the energy resources mentioned above,
mechanical energy might be the most widely distributed and the most relatively stable,
including human motion, machine vibrations, and flowing water, to name a few. In
particular, as piezoelectric-based harvesting technology can directly convert mechanical
energy into electrical energy, the flexible energy harvester based on a piezoelectric
composite has been studied as a simple power source for flexible and wearable
electronics.[20-24] Moreover, with high power output, these self-powered piezoelectric
energy harvesters will play a significant role in large-scale sensor networks, ranging from
environmental monitoring and human healthcare monitoring to defense systems.[25, 26] By
distributing a large number of sensors in a field, they can generate reliable statistical
signals, providing reliable information that can be collected for tracking and monitoring.[1,
27]

In addition, piezoelectric materials have recently been discovered that possess the

capability for reactions, including degrading organic pollutants,[28-31] producing
hydrogen,[32-34] and synthesizing organic compounds,[35, 36] through the polarization field,
which is generated by mechanical forces and acts as an effective driving force for various
redox reactions. Although the research on piezo-catalysts is still in its infancy, piezocatalysis shows the advantage of utilizing ubiquitous vibrational energy to conduct
catalytic reactions, while traditional catalytic techniques are dependent on other
conditions, such as the presence of electricity and light.[37-39]

1.3. Objectives of the Research
The overall objective of this doctoral work was to synthesize piezoelectric materials
with excellent electrical properties and utilize the synthesized piezoelectric materials for
harvesting vibrational energy and conducting the piezo-catalytic reactions. Two kinds of
4
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promising piezoelectric candidates have been selected, including 0.57BiFeO30.43PbTiO3 (BLF-PT) and 0.7BiFeO3-0.3BaTiO3 (BF-BT) solid solutions. For the BLFPT piezoelectric material synthesized by solid state reaction, the investigation was mainly
focused on fabricating flexible and high temperature piezoelectric energy harvesters. The
BF-BT solid solution synthesized by solid state reaction was used to fabricate high
temperature, flexible, and hybrid piezo/triboelectric energy harvesters, while the BF-BT
solid solution synthesized by the hydrothermal method was utilized to conduct piezocatalytic reactions.

1.4. Thesis structure
The scope of the research carried out in this doctoral thesis is briefly outlined below
as follows:
Chapter 1 presents the general background of piezoelectric materials and their
applications in different categories, including energy harvesting, sensing, and
piezoelectric catalytic activities. The objective and outlines of the doctoral study are also
presented.
Chapter 2 presents a comprehensive literature review on different kinds of energy
harvesters/sensors. A literature review on piezo-catalytic activities are also presented.
Chapter 3 presents the materials fabrication and general materials characterizations
including X-ray diffraction (XRD), synchrotron powder diffraction (SPD), field emission
scanning electron microscopy (FESEM), scanning transmission electron microscopy
(STEM), differential scanning calorimetry (DSC), and ultraviolet-visible (UV-Vis)
spectrophoscopy. Electrical performances of the synthesized material are characterized
with a ferroelectric test system, dielectric measurement system, and quasi-static
piezoelectric

constant

test.

The

fabrication
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harvesters/sensors and their characterization with a source meter are also presented. The
amount of hydrogen is characterized by a gas chromatograph with a thermal conductivity
detector.
Chapter 4 presents the energy harvesting and sensing performance of flexible
piezoelectric energy harvesters made of BLF-PT piezoelectric ceramic particles and a
polyimide matrix. The electrical output was improved by adjusting the concentration of
BLF-PT ceramic particles in the composite of the piezoelectric ceramic and the polymer
matrix. The durability and sensitivity of the flexible device were also characterized, as
well as its high temperature energy harvesting capability.
Chapter

5 presents the

energy harvesting

performance

of

a

flexible

piezo/triboelectric energy harvester made of BF-BT piezoelectric ceramic particles,
polyimide matrix, and Pt electrode. The electrical output was compared with solely
piezoelectric and triboelectric energy harvesters. The high temperature energy harvesting
performance was also investigated in this flexible hybrid energy harvester.
Chapter 6 presents the piezo-catalytic performance of BF-BT nanoparticles.
Different kinds of organic dyes, including Rhodamine B (RhB), Methylene blue (ME),
and Methyl orange (MO), were degraded by stirring BF-BT nanoparticles in a beaker with
them without light irradiation. Furthermore, BF-BT nanoparticles can successfully split
water to produce H2 when driven by ultrasonic vibrations in the dark. A new working
mechanism for this piezo-catalytic reaction was proposed.
Chapter 7 summarizes the conclusions that were obtained from this doctoral work
and provides some suggestions for future research work related to both piezo/triboelectric
energy harvesting and piezo-catalytic reactions.
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2.1. Piezoelectric mechanical energy harvesters
2.1.1 Different working mechanisms for piezoelectric energy harvesters
(PEH)

Figure 2.1. (a) 33 and (b) 31 piezoelectric stress driven harvester configurations. Q and V are the electric
charge and voltage respectively, F is the applied force, P is the polarization direction, d33 and d31 are the
piezoelectric charge coefficients, and g33 and g31 are the piezoelectric voltage coefficients.[40]

Under mechanical stress, the distance between electric dipole moments will change,
which affects the electrical polarization and induces a corresponding electrical current in
the external circuit. A well-defined polar axis is of great significance in piezoelectric
materials, since the energy harvesting performance of the fabricated energy harvester
depends greatly on the direction between the polar axis in the piezoelectric material and
the applied external pressure. For non-ferroelectric crystalline materials such as AlN or
ZnO, the polar axis is determined by the crystal orientation, while for ferroelectric
7
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materials, the polar axis is defined by the direction of the external electric field, which is
used to turn the electric domains in the same direction. Usually, the polar direction is
identified as the “3” direction, and all directions in the plane at right angles to the polar
direction are referred to as “1”. Under this definition, there are two kinds of configurations
for piezoelectric energy harvesters, termed “33” and “31”, as shown in Figure 2.1.
Although there are other configurations, these two kinds of configurations are most
widely used in numerous piezoelectric energy harvesters.[40]
Piezoelectric energy harvesters convert mechanical energy from vibration into
electrical energy. Numerous kinds of mechanical energy sources exist ranging from
machinery and transport vibrations in industry to direct human action from walking and
heart beats.[41-44] Usually, inertial and kinematic modes are used to extract energy from
these sources. A cantilever beam with a piezoelectric plate and proof mass is equivalent
to a lumped spring mass system, which is the typical structure for extracting energy with
the inertial mode. The cantilever beam is connected to the base at a single point, and the
motion of the base allows for vibration in the mass-spring system, which can be
transformed to electrical energy through the piezoelectric material attached to the beam.
With regard to this structure, it is helpful to vibrate the beam at its resonant frequency,
since the vibration amplitude of a system can then reach its maximum and further result
in larger deformation of the piezoelectric material to generate high electric power.[40] The
governing Equation (2-1) of a lumped spring mass system can be written as:
𝑚

𝑑 2 𝑧(𝑡)
𝑑𝑡 2

+𝑏

𝑑𝑧(𝑡)
𝑑𝑡

+ 𝑘𝑧(𝑡) = −𝑚

𝑑 2 𝑦(𝑡)
𝑑𝑡 2

(2-1)

which can be further transformed by the Laplace transform in Equation (2-2):
𝑚 𝑠 2 𝑧(𝑠) + 𝑏 𝑠 𝑧(𝑠) + 𝑘 𝑠 𝑧(𝑠) = −𝑚 𝑎 (𝑠)

(2-2)

where 𝑎(𝑠) is the Laplace transform of the acceleration, (𝑡) , given in Equation (2-3):
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𝑎(𝑡) =

𝑑2𝑦

(2-3)

𝑑𝑡 2

Therefore, the transfer function of the energy harvester can be expressed by Equation (24) and Equation (2-5):
𝑧(𝑠)
𝑎(𝑠)

=

1
𝑏

=

𝑘

𝑠 2 +𝑚𝑠+𝑚

1
𝑠 2 +𝑤𝑟 𝑄𝑠 +𝑤𝑟2

𝑄 = √𝑘𝑚⁄𝑏

(2-4)

(2-5)

where 𝑄 is the system quality factor and 𝑤𝑟 is the resonant frequency of the energy
harvester. The natural frequency of the spring mass system and energy harvester is given
by Equation (2-6):
𝑤𝑟 = √𝐾/𝑀

(2-6)

where K and M are the transverse stiffness and effective mass, respectively. The stiffness
K can be calculated from the loading conditions. In case of a simple cantilever beam
structure, the stiffness can be expressed by Equation (2-7):
𝐾 = 3𝐸𝐼 ⁄𝐿3

(2-7)

where E is the modulus of elasticity, 𝐼 is the moment of inertia, and L is the length of the
beam. The moment of inertia for a rectangular cross-section can be expressed by
Equation (2-8):
𝐼=

1
12

𝑏ℎ3

(2-8)

where 𝑏 and ℎ are the width and thickness of the beam in the transverse direction,
respectively. The magnitude of the frequency plays an important role in the energy
harvesting performance, since a rapid decrease in the output power occurs when the
frequency is far from the resonance value, which can be one of the main limitations of
9
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this kind of structure.[8]
For kinematic energy harvesting, the energy harvester is connected to the energy
source at more than one point, so it does not rely on inertia, resonance, and external
voltage sources. In principle, kinematic energy exists extensively, since all matter on earth
vibrates because of its internal chemical or physical activities, including fluid motion,
vibration, strain, and so on. One example that works through the kinematic mode is the
flexible piezoelectric energy harvester (PEH). When an external force is applied on the
PEH, the total electric potential induced by the PEH between the two electrodes can be
expressed by Equation (2-9), Equation (2-10), and Equation (2-11)

[45]

:

𝑉 = 𝑄 ⁄𝐶

(2-9)

𝑄 = 𝑑33 𝑇𝐴

(2-10)

𝐶 = 𝜀𝐴⁄𝐿

(2-11)

Q, C, d33, and ɛ represent the induced charge, the capacitance, the piezoelectric
coefficient, and the dielectric coefficient of piezoelectric material. T is the vertical stress
applied on the PEH, L is the film thickness, and A is the top surface area of the PEH. The
vertical stress T can be exhibited by the elastic constant E and deformation y of the PEH.
As a result, the electric potential induced by deformation can be expressed by Equation
(2-12):
𝑉 = 𝑑33 𝐸𝑦𝐿⁄𝜀

(2-12)

2.1.2 Flexible piezoelectric energy harvesters
Harvesting energy from the bending of a flexible energy harvester is an evident
example of kinematic energy harvesting, since the energy source is in contact with the
energy harvester at more than one point. Up to now, various types of PEHs based on non10

Chapter 2. Literature Review

centrosymmetric oxides such as pure ZnO, PbZr0.52Ti0.48O3 (PZT), and BaTiO3 (BTO),
the polymer poly(vinylidene fluoride) (PVDF), and composite piezoelectric materials
have been reported for energy harvesting applications. In the following part, different
kinds of flexible PEHs will be introduced and classified by their materials.
2.1.2.1 ZnO based PEHs
Proposed in 2006, ZnO nanowire-based energy harvesters have drawn great attention
from researchers worldwide as

they attempt to achieve high energy harvesting

performance with different kinds ZnO.[23]

Figure 2.2. Flexible PEHs based upon horizontal ZnO nanowire (NW) arrays. (a) Design of a single
piezoelectric wire generator on a flexible substrate.[20] (b) Structure and schematic illustrations of a flexible
lateral-NW-array integrated PEH.[46]

Figure 2.2(a) shows a piezoelectric ZnO nanowire (NW) ﬁxed laterally on a ﬂexible
substrate with both ends attached to electrodes.[20] The cyclical deformation of ZnO NWbased PEH resulted in an output alternating electrical signal with an open-circuit voltage
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(VO) of 20–50 mV and short-circuit current (IS) of 400–750 pA, respectively. To enhance
the output power of the PEH, ~14,000,000 lateral ZnO NWs were integrated on the
ﬂexible platform (Figure 2.2(b)).[46] Under periodical deformation, the whole device
exhibited adequate ﬂexibility with the voltage and current reaching 1.26 V and 28.8 nA,
respectively. Similar to the energy harvesting with lateral ZnO NWs, vertically and
radially grown ZnO have also been used to fabricate high output PEHs by harvesting the
energy from human movement or the environment.[47-55]
2.1.2.2 PbZr0.52Ti0.48O3 (PZT) based PEHs
PZT is an excellent piezoelectric material with high dielectric and piezoelectric
constants, and PZT nanoribbons, fibers, and film have been widely used for fabricating
flexible energy harvesters.

12

Chapter 2. Literature Review

Figure 2.3. Transfer printing of PZT ribbons onto flexible rubber substrates. (a) Crystalline PZT ribbons
are synthesized on an MgO host substrate, which is subsequently etched, and the ribbons are transfer printed
onto flexible PDMS rubber. (b) Optical micrograph of PZT ribbons on MgO substrate before, and PZT
ribbons on PDMS after transfer printing. (c) Photograph of a piece of PDMS with PZT ribbons covering
the top surface.[56]

As illustrated in Figure 2.3, Qi et al. transferred PZT nanoribbons to
polydimethylsiloxane (PDMS) to make ﬂexible energy harvesters.[56] PZT ribbons with
width of 5-10 μm and thickness of 250-500 nm were patterned on the MgO substrate, and
subsequently, a piece of PDMS was stretched elastically and brought into conformal
contact with the ribbons. A current density of 2.5 µA mm−2 was produced by a PEH
consisting of 10 ribbons. Furthermore, PZT nanoﬁbers and films can also be harnessed to
fabricate flexible PEH devices with excellent performance.[57, 58] Park et al. introduced
13
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an efficient PEH based on PZT film. With periodical bending and release, a peak output
voltage of 200 V was achieved. In addition, under the motion of a human finger, a PEH
with 12 cm2 in size generated a short-circuit current as high as ~8 µA.
2.1.2.3 BaTiO3 (BTO) based PEHs

Figure 2.4. (a) Schematic illustration showing the experimental setup for piezoelectric charge detection
from an individual BTO NW. (b) Acquired output signal from the charge amplifier for a BTO NW under a
periodic tensile load. A square wave voltage signal was applied onto a piezostack on the flexure mechanical
stage to deform the NW.[59] (c) Schematic illustration of the process for fabricating flexible BTO PEH on
plastic substrates.[22]

BTO is the other typical perovskite piezoelectric material with a high piezoelectric
constant that can be used for energy harvesting. Wang et al. synthesized a BTO NW based
piezo-stack actuator as shown in Figure 2.4(a).[59] Under stimulation, a typical
piezoelectric voltage of nearly 30 mV generated by the NW was detected from the charge
amplifier (Figure 2.4(b)). To improve the piezoelectric output, a piezoelectric BTO thin
14
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film was placed on plastic substrate to fabricate a flexible PEH for the first time in 2010
(Figure 2.4(c)).[60] Under periodical deformation, a flexible BTO PEH can generate an
output voltage of up to 1.0 V, together with an output current density of 0.19 μA/cm2. In
2014, Koka et al. synthesized vertically aligned BTO NW arrays and fabricated flexible
energy harvesters.[61] The energy harvesting performance of the BTO NW arrays was
estimated as a function of the BTO NW aspect ratio, which was adjusted by the
concentration of NaOH in the synthesis process. A peak voltage of 345 mV was achieved
at its resonant frequency of 170 Hz, demonstrating that the higher aspect ratio NWs could
respond more active to the mechanical vibration. Furthermore, BTO nanocrystals were
also used by Jeong and co-workers to fabricate flexible PEHs.[62] A high electrical output
of up to 6 V and 300 nA was achieved, which indicates the importance of nanostrucures
for energy harvesting.
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2.1.2.4 Polyvinylidene Fluoride (PVDF) based PEHs

Figure 2.5. (a) Schematic illustration of the electrospinning process to obtain aligned PVDF nanofibers
(NFs). (b) Optical image of aligned PVDF NFs on Kapton film and SEM image (inset) of the NF surface
morphology. (c) The PVDF NFs on a Kapton substrate. (d) Mechanical bending of the substrate creates an
electric signal.[63] (e) Schematic illustration of the experimental setup for electrospinning highly aligned
arrays of oriented nanofibers of aligned polymer. (f) Photograph of a free-standing film of highly aligned
piezoelectric fibers. Scale bar, 1 cm. (g) Photograph of the manipulator used to apply pressures, for the
purpose of studying the voltage response.[64]

Organic piezoelectric PVDF and its copolymer P(VDF-TrFE), are also utilized for
fabricating PEHs due to their excellent flexibility, high chemical resistance and adequate
mechanical strength. As shown in Figure 2.5, J. Hansen et al. fabricated PVDF fibers via
electrospinning.[63] Under a high bias voltage, the nonpolar α-phase will transform into β16
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phase PVDF with piezoelectricity. Under repeated tests, the electrical output of a single
PVDF fiber based device was 5-30mV of voltage and 0.5-3 nA of current without evident
degradation.
Furthermore, Persano et al. prepared highly-aligned piezoelectric P(VDF-TrFE)
fibers with high flexibility as shown in Figure 2.5(e-g).[64] Distinctive piezoelectric
features were detected, which originated from the underlying alignment of both the
polymer chains and the fibers. By attaching electrodes to both ends (Figure 2.8(g)), the
simple flexible pressure sensor was built, which showed excellent sensitivity even at the
very low-pressure of 0.1 Pa. In addition, the fiber arrays generated a voltage of 1.5 V and
current of 40 nA under cycles of bending at 2 Hz. Cha et al. demonstrated the robust PEHs
with nanoporous arrays of PVDF, synthesized by a the template-assisted fabricated
method.[65] A high power density of 0.17 mW/cm3 was achieved from the porous PVDF
energy harvester. Compared with bulk PVDF film, the porous PVDF PEH exhibited
enhanced piezoelectric potential and current on account of the geometrical strain
confinement, arising from the porous structure.
2.1.2.5 PEHs based on composite materials
In comparison with the film or fiber based flexible PEHs, composite material-based
PEHs show great potential for flexible and large-scale energy harvester applications,
since they have a variety of outstanding features, such as their simple fabrication process,
low cost, and excellent mechanical strength. Usually, flexible composite PEHs are
fabricated via dispersing piezoelectric materials into an elastomeric matrix, resulting in
great enhancement of their robustness and electric output, which broadens their potential
application in energy harvesting and sensing.

17

Chapter 2. Literature Review

Figure 2.6. (a) Schematic illustration of the process for fabricating PEH devices. (b) Cross sectional SEM
image of a PEH device. (c) Magnified cross-sectional SEM image of the piezoelectric nanocomposite.[7]

In 2012, Park et al. reported for the first time a flexible nanocomposite PEH with
BTO nanoparticles (NPs), graphitic carbon, and a PDMS matrix.[7] In this composite, rgw
BTO particles were working as the energy generation source, an appropriate amount of
graphitic carbons enhanced the electrical conductivity, while PDMS worked as the carrier
of the applied force and increased the robustness of the PEH. As shown in Figure 2.6,
under mechanical stirring, BTO NPs and carbon nanoparticles were dispersed in PDMS
to form a homogeneous piezoelectric nanocomposite (p-NC), followed by spin-casting
the p-NC on electrode-coated plastic substrates and curing in an oven. Under periodic
cycles of bending and release, the PEH with a size of 3 cm × 4 cm generated a VO of ~3.2
V and IS of ~350 nA. Thereafter, the researchers improved the output performance of
PEHs by using lead (Pb) -based piezoelectric materials with excellent inherent
electromechanical coupling. Furthermore, the device exhibited excellent durability, as the
amplitude of the output voltage did not show any obvious fluctuations after 1200 bending
cycles, and excellent stability was also demonstrated after 7 days of bending tests.
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In 2013, Park el at. fabricated a large-area and highly efficient composite PEH using
the bar-coating technique, by dispersing PZT particles with superior piezoelectric
properties and multi-walled carbon nanotubes (MW-CNTs) in a PDMS matrix.[66] The
piezoelectric composite was spin-casted on a silicon wafer, and after curing, the
composite layer was transferred onto polyethylene terephthalate (PET) flexible substrates
coated with indium tin oxide. Under human hand tapping, the large area device (30 cm ×
30 cm) generated high electrical pulses with a peak voltage of nearly 100 V and current
of 10 µA. This research provided new ideas for designing and fabricating large scale PEH
and broadened the application range of flexible PEHs in energy harvesting and
environmental monitoring. After that, lead-free 0.942(K0.48Na0.52)NbO3-0.058LiNbO3
(KNLN) and 0.5(Ba0.7Ca0.3)TiO3-0.5Ba(Zr0.2Ti0.8)O3 (BCZT) based PEHs were also
fabricated with highly improved electrical output performance, which suggested that they
could be new candidates for harvesting mechanical energy and working in sensor network
systems with environmentally friendly features.[67, 68]

2.2. Ttriboelectric energy harvesters (TEHs)
2.2.1 Triboelectricity and electrostatic induction
the triboelectric effect is the process by which two materials with different polarity
are charged when they come into contact with each other. Although the phenomenon has
been known for years, the triboelectrification mechanism is still not clear. One theory that
has been widely acknowledged is that chemical bonds will form during the contact
process between two different materials, and charges will move from one material to the
other due to their differences in gaining and losing electrons. When they are separated,
part of the atoms on one material tend to keep the transferred electrons, while part of the
atoms on the other material tend to give them away, which produces opposite charges on
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two different friction materials, followed by generating a triboelectric potential.[69] Based
on this fundamental principle, four kinds of different working modes for a triboelectric
energy harvester (TEH) were put forward.

Figure 2.7. The four fundamental modes of TEHs: (a) vertical contact-separation mode; (b) lateral-sliding
mode; (c) freestanding triboelectric-layer mode, and (d) single-electrode mode.[69]

2.2.1.1 Vertical contact-separation mode
As shown in Figure 2.7(a), in this mode, two different dielectric films are stacked
face to face, and metal electrodes are coated on the backs of the films, respectively. When
the two dielectric films are in contact with each other, surface charges with different signs
are formed on the contact surface. As the films in contact separate with each other under
external force, a small air gap will appear in the middle of the two films, and an induction
potential emerges between the two electrodes. Once the electrodes are connected by the
external load, electrons will flow from one electrode to the other to form an inverse
electric potential and balance the electric potential difference. As the gap disappears, the
20

Chapter 2. Literature Review

electrical potential created by the triboelectric charges will disappear, and the electrons
flow back correspondingly.
2.2.1.2 Lateral sliding mode
For the lateral sliding mode, when two different materials are in contact with each
other, induction charges with the opposite affinity will appear on the contact surfaces,
which is the same as for the vertical contact-separation mode. As the two materials
undergo a relative slip along the horizontal direction, which is parallel to the contact
surfaces (Figure 2.7(b)), aninduction potential is created on the surfaces of the top and
bottom electrode. Driven by the induction potential, electrons flow from one electrode to
the other one. An AC impulse is generated by the lateral sliding mode under periodic
sliding motion.
2.2.1.3 Single-electrode mode
Both of the two working modes introduced above have two electrodes which can be
connected by the external load. Under some circumstances, however, some of the parts
within the TEHs are kinetic, which is not convenient for connecting all the scattered parts
together through the wire. In order to collect the mechanical energy more conveniently,
the single electrode TEH was fabricated with only one electrode on the bottom of the
friction layer with a ground connection (Figure 2.7(c)). When the top object approaches
or the bottom film departs, the local electrical distribution will change correspondingly.
To balance the change of electric potential on the electrode, electrons will flow between
the bottom electrode and the ground, producing the electric signal.
2.2.1.4 Free-standing triboelectric layer mode
In nature, through contact with the ground or air, moving objects are always charged. As
charges build up on the material surface, the charge density will reach saturation. With
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the capability of remaining on the material surface for a few hours, no continuous contact
or friction is needed during this period of time. When coated with symmetric electrodes
on the backside of the dielectric film, the process by which objects approach and moving
away from the electrodes will create an asymmetric electric charge distribution on the
material’s surface, driving the electrons to flow from one electrode to the other one
(Figure 2.7(d)). Under this working mode, the moving object does not have direct contact
with the dielectric films, which can significantly decrease abrasion on material surface.

2.2.2 Triboelectric materials for TEHs
2.2.2.1 Basic triboelectric materials

Figure 2.8. Triboelectric series.[70]

A variety of materials in nature have a triboelectrification effect, including metals,
glass, feathers, polymers, etc. The electron affinity, which is the likelihood of a neutral
atom to gain an electron, is defined as the amount of energy released when an electron is
attached to a neutral atom or a molecule in the gaseous state to form a negative ion. It is
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different among the various kinds of triboelectric materials and plays a significant role in
affecting the triboelectric charge density. Generally speaking, to choose materials with
evident differences in electron affinity to fabricate a TEH can increase the triboelectric
charge density. The electron affinity in some common materials is shown in Figure 2.8,
which provides guidance for selecting materials to fabricate TEHs,[70] e.g., selecting from
the friction materials at both ends of the list is favourable for producing a high charge
density. As discussed before, the flexible TEH fabricated from aluminium and
polytetrafluoroethylene (PTFE) with a significant difference in electron affinity generated
a relatively high electrical output.[71]
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2.2.2.2 Surface modification of triboelectric materials

Figure 2.9. Structure characterization of patterned PDMS thin film. SEM images of patterned PDMS thin
films with (a) linear, (b) cubic, and (c) pyramidal features. (d) Photographs showing the appearance of an
as-fabricated PDMS thin film. Top-right: photograph of as-fabricated PDMS thin film on an Si mold. The
interference fringes on the surface of the PDMS film indicate the uniform features of the pattern on large
scale. Bottom-left: the peeled-off PDMS thin film, showing its flexibility and transparency. (e) Output
voltage and (f) current of TEHs using PDMS thin film with a flat surface and various patterned features,
respectively.[72]

In addition to selecting materials with different affinity, modification of the
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triboelectric layer on the surface through enlarging the friction area is another effective
way for increasing the charge density. There are two main ways to modify the surfaces of
triboelectric materials, namely, physical modification and chemical modification. Usually
through physical modification, the structure of the material surface can be
microscopically changed, which will increase the frictional area significantly. Fan et al.
introduced a triboelectric TEH based on micropatterned plastic films.[72] Line, cube, and
pyramid patterned arrays were fabricated to improve the efficiency of the TEH. As shown
in the optical and SEM images (Figure 2.9(a-d)), these three types of patterns are
remarkably regular and uniform. Moreover, the pyramid pattern with sharp tips is
meaningful for increasing the friction area and the power generation efficiency. Details
of the electrical output are shown in Figure 2.9(e-f), demonstrating that the order of the
electrical output follows unstructured pattern < line < cube < pyramid. The reasons for
obvious increase in the electrical output were given as follows: (1) The triboelectric effect
can be enhanced by increasing the sophistication of structures, since more surface charges
will be correspondingly generated during friction. (2) Due to the presence of the air voids,
the change in capacitance was improved significantly in the deformation process, and the
dielectric constant was increased correspondingly. (3) After the surface modification,
triboelectric charges could separate more easily in the microstructured films and thus
generated a larger dipole moment between the electrodes.
2.2.2.3 Polymer doping
Although surface modification can increase the friction area and benefit the electrical
output, the intimate contact or constant friction between the triboelectric materials can
inevitably induce surface abrasion. In this regards, surface modification and engineering
make less and less contribution to improving the TEH performance in long-term
operation. Yu et al. reported internal AlOx doping of PDMS, polyimide (PI), and
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poly(methyl methacrylate) (PMMA) via sequential infiltration synthesis (SIS).[73] It had
been shown that SIS can introduce AlOx molecules into the polymers down to a depth of
~ 3 µm. TEHs fabricated from the modified film demonstrated enhanced power output,
and the enhancement could remain effective even the polymer surface was polished off
down to more than 2 µm. The method proposed in this paper opens up a new route to bulk
electrical property modification of triboelectric materials, which is demonstrated to be a
promising strategy for improving the energy harvesting performance of TEHs.
2.2.2.4 Charge injection

Figure 2.10. (a) Formation of double-sided corona discharging electret plates; (b) Constructing 3D origami
TEH folded using two polymer strips; (c) Charge circulation in one compress-release cycle.[74]

The output power of the flexible TEHs is highly dependent on the triboelectric
charge density. As introduced above, surface modification and material optimization can
increase the charge density to some extent. Charge injection is a relatively direct way to
increase the surface charge density to the saturation state. Usually after charge injection,
the surface charge density is much higher than that of a common film. Until now, several
effective charge injection methods have been explored, including ionized injection and
high voltage corona discharge. Tao et al. introduced the double-side corona discharging
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process in a thin film electret to enhance the charge density (Figure 2.10),[74] and an
instantaneous VO of 1000 V and IS of 110 µA could be achieved with gentle finger tapping.

2.3. Hybrid Piezo/triboelectric energy harvesters (P-TEHs)
Mechanical energy is abundant in our living environment, and it is of critical
importance to harvest the wasted energy for environmental sustainability. Mechanical
energy harvesters, PEHs and TEHs, which are based on the piezoelectric effect and the
triboelectric effect, respectively, have been developed to harvest the ubiquitous energy.
With the aim of harvesting energy more effectively and complementarily, innovative
approaches, including fabricating hybrid piezo/triboelectric energy harvesters, have been
attracting more and more attention in recent years by designing integrated structures.[7577]

Due to piezoelectric material deformation between the two electrodes of PEHs,

mechanical energy is transformed into electricity, while TEHs transform mechanical
energy to electricity by the friction of two different materials with triboelectric effects,
triboelectrification, and electrostatic induction. In reality, when the material is subjected
to an external force, both material deformation and friction occur simultaneously, and the
energy of both can be captured via appropriate structure design. The employment of thin
films in the fabrication process for both the PEH and the TEH allows the concise
integration of ideal P-TEH structures for special applications.[78] In addition, due to more
options for selecting various kinds of piezoelectric and triboelectric materials, it is easier
to adjust the impedance of the PEH and the TEH into match. In addition, the output
characteristics and working frequencies of PEHs and TEHs are very similar, which
facilitates the combination of these two effects and enhances the energy conversion
efficiency from the environment. Usually, a TEH designed to operate with the vertical
contact-separation mode is added to the PEH to fabricate the hybrid P-TEH, and then
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mechanical energy is converted into electricity through both the triboelectric and the
piezoelectric effects. On the basis of their terminal structure, previously reported hybrid
P-TEHs can be divided into the following three types.

2.3.1 P-TEHs with the two terminal structure

Figure 2.11. The mechanism for the coupling effects between the triboelectricity and piezoelectricity in the
device.[70]

In general, for P-TEHs with the two terminal structure, there is a common part
between the PEH and TEH. Shi et al. fabricated a cellulosed/BTO aerogel paper based
flexible PEH and then coupled it with triboelectricity by sharing two terminals.[70] As
shown in Figure 2.11, to enhance the electrical output, a single electrode TEH was
introduced on the PEH by sharing the electrodes with the PEH. Due to the positive
coupling effect between piezoelectricity and triboelectricity, an output peak voltage of 48
V and maximum output power of 85 µW were achieved, which are higher than the
separate output of the PEH. Another case of hybrid P-TEHs with two terminals is where
one of the materials chosen for the triboelectric energy harvester is also a piezoelectric
material. Huang et al. introduced a TEH containing piezoelectric PVDF nanofibers, which
can not only serve as one of the triboelectric layers, but also works as the piezoelectric
28

Chapter 2. Literature Review

material with induced piezoelectric bound charges. In this hybrid structure, it is of critical
significance to control the polarization direction in the piezoelectric material, as it plays
a significant part in determining the hybrid electrical output. Under mechanical stress,
when the piezoelectric and triboelectric effects induce charges on the electrode with the
same polarity, it will induce a positive coupling on the electric output; otherwise, the two
effects will have a negative coupling, which will generate a weakened electrical output.
In short, with an appropriate polarization direction, the two terminal hybrid P-TEHs
possess the merits of high flexibility, enhanced output, and easy operation.

2.3.2 P-TEHs with the three terminal structure

Figure 2.12. The working mechanism of the device: (a) An external force is applied on the device; (b)
Triboelectric layers come into contact with each other; (c) Electrons are transferred between two electrodes
under the electrostatic potential; (d) The triboelectric layers separate from each other.[79]

In addition to the two terminal structure, another integrated structure that has been
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studied extensively in P-TEHs is the three terminal structure, in which one electrode is
shared by the PEH and TEH. Zhu et al. designed an integrated flexible energy harvester
with a piezoelectric and triboelectric hybrid mechanism based on sharing one
electrode.[79] PDMS and PDMS/MW-CNTs were employed as the triboelectric materials,
while a PVDF film with aluminum electrodes on both sides worked as the PEH part
(Figure 2.12). When the PEH part was bonded with the PDMS layer of the TEH, the
respective piezoelectric and triboelectric electrical outputs were measured.

Figure 2.13. The schematic diagram of the hybrid P-TEH along with the electrical connections.[76]

Furthermore, Singh et al. measured the hybrid electrical output of a flexible ZnOPVDF/PTFE based P-TEH.[76] In this three terminal structure, the ZnO – PVDF film
composite were served as the piezoelectric material. Gold film was coated above and
below the composite film and served as one layer of the TEH, while
polytetrafluoroethylene (PTFE) was adopted as the other layer of the TEH, and an
aluminum layer coated above the PTFE worked as the electrode of TEH (Figure 2.13).
More interestingly, the paper studied the significance of ZnO incorporation on both
piezoelectric and triboelectric electric output performance, and the hybrid VO was as high
as 78 V, which was much higher than either the piezoelectric or the triboelectric output
voltage alone.

2.3.3 P-TEHs with the four terminal structure
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Figure 2.14. Schematic diagram of the hybrid P-TEH.[78]

In the four terminals structure, the PEH and TEH work independently, and with
appropriate electrical connections, the energy harvesting performance can be clearly
enhanced. Zhao et al. fabricated this kind of hybrid structure by integrating a bimorphbased PEH with a TEH for highly efficient mechanical energy harvesting. As illustrated
in Figure 2.14, the PEH was introduced to the TEH with one end fixed, and then the
hybrid P-TEH was attached on the stator and subjected to the rotor, which could generate
bending strain on the hybrid device. Under the synergistic effects of its piezoelectric and
triboelectric components, the hybrid P-TEH generated a high VO of 210 V and an IS of
395 µA. In addition, due to the integration of these two devices and their matched
impedances, the average power output reached 10.88 mW, while the power density was
as high as 6.04 mW /cm2. After rectification, the output power of the hybrid device was
collected in the parallel mode with high efficiency.[78] Alluri et al. designed a four terminal
hybrid P-TEH with a butterfly wing structure. By using the contact-separation mode,
manyfold increases were observed in the hybrid device with its modified surface, with VO
of 572 V and IS of 1.752 mA, which were much higher than for the separate electric
outputs of the PEH or TEH alone.[80]

2.4. Piezoelectric catalysis
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Due to our more and more serious problems of environmental pollution and
shortages of non-renewable energy, various kinds of renewable and clean energy have
been transformed into useful energy. Harvesting and converting mechanical energy with
piezoelectric materials from the environment to a form that can be used has attracted
considerable interest. Most of the research, however, has been focused on solely
converting mechanical energy into electricity, and only in recent years have investigators
begun to couple energy harvesting with a variety of catalytic reactions. Generally, to cope
with the current environmental problems by means of piezo-catalysis, one strategy is to
degrade organic pollutants by capitalizing on mechanical energy in nature. The other
involves converting abundant chemicals and pollutants in nature to molecules, such as H2
and CH4, that can be used as fuels via piezo-catalysts.[81] Piezo-catalytic reaction, the
combination of physical and chemical phenomena, is enabled by built-in electric fields
induced by the piezo-potential, while a series of chemical reactions take place on the
surfaces of the piezoelectric materials.

2.4.1 Piezoelectrics as catalysts
Based on their non-centrosystemmetric nature, an electric field is built due to the
dipole polarization, which drives the piezoelectric materials to demonstrate unique
catalytic properties. Piezoelectrics encompass three subcategories of materials:
piezoelectric, pyroelectric, and ferroelectric materials.[40] As illustrated in Figure 2.15,
piezoelectric materials include pyroelectrics, while pyroelectrics include ferroelectrics. In
the following part, these three kinds of materials will be introduced separately.
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Figure 2.15. Relationship among piezoelectric, pyroelectric, and ferroelectric materials.[40]

2.4.1.1 Piezoelectric materials for catalyst
Mechanical deformation of piezoelectric materials can generate an electric field that
increases the energies of both free and bound charges.[36] A high electric potential ranging
from tens to hundreds of volts can be generated by piezoelectric materials when they are
impacted by a moderate to severe force.[82] Photocatalytic reactions are completely
dependent on the radiation and separation of positive and negative pairs, and it is still a
challenging task to acquire a high separation rate in the reduction and oxidation reactions.
Like the photocatalytic reactions, the generation as well as the separation of electrons and
holes plays an important role in piezo-catalytic reactions. Driven by the piezoelectric
potential, the electrons and holes are forced to move in opposite directions, which
significantly reduces the recombination rate of charge carriers, and as a result, more
electrons and holes arrive at the active sites and participate in the redox reactions.
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Figure 2.16. (a) The production of hydrogen from water splitting with BiFeO3 nanosheets (a) at different
vibration frequencies and (b) with different vibration power.[34] (c) Piezo-catalytic degradation of RhB
under different stirring speed.[83]

Several methods have been adopted to apply stress on piezoelectric materials.
Ultrasonic vibration is the one that has been most widely employed to induce strain on
piezo-catalysts. Researchers have shown that ultrasonic vibrations can generate
appreciable stress (1.01×105 kPa) on the piezoelectric materials through the microbubble
explosion force.[34] Under ultrasonic vibration, periodic compression stress can prevent
the polarization charges from being fully screened by free carriers. As an internal electric
field is generated when a static stress is applied on the piezoelectric material, however,
electrons and holes inside the materials are forced to move move when driven by the
built-in electric field, and free charges in the external environment also move to the
surface of the piezoelectric material. These two kinds of charge movements will weaken
the built-in electric field and eventually diminish it. An alternating force is applied on the
piezoelectric material, however, under the periodic ultrasonic waves, and thus the builtin electric field experiences on and off states regularly, which promotes the mobility of
electrons and holes, as well as the free charges. In addition, the ultrasonic power and
frequency greatly influence the piezo-catalytic performance. You et al. studied piezocatalytic hydrogen production from water splitting under ultrasonic vibration of BiFeO3
nanosheets at different mechanical frequencies and powers (Figure 2.16(a-b)).[34] The
research demonstrated that, at the resonant frequency, the piezoelectric material could
34

Chapter 2. Literature Review

generate hydrogen. Under the same vibration frequency, the generation of hydrogen
increased as the mechanical power became stronger, and this phenomenon was explained
by the higher vibration power resulting in higher stress on the piezoelectric material,
which induced more piezoelectric charges on the material surface, leading to the
generation of more hydrogen (Figure 2.16 (b)).[34] The second method that has been
utilized to apply stress on materials is mechanical stirring. Feng et al. explored the essence
of piezo-catalysis by activating spherical lead zirconate titanate through mechanical
stirring.[83] Furthermore, the impact of the stirring speed on the piezo-catalytic process
was investigated, and the results revealed that the degradation efficiency for Rhodamine
B (RhB) gradually increased from 10% to 37% as the stirring speed increased from 200
rpm to 900 rpm (Figure 2.16 (c)). The improved degradation efficiency was ascribed to
the increase of the compressive stress on the piezoelectric material through the increased
stirring speed.[83]
2.4.1.2 Pyroelectric materials as catalysts
In addition to the compressive and tensile strain induced by mechanical stress,
fluctuation of the temperature can also create a built-in electric field and change the
polarization in the pyroelectric materials, since the varying temperature slightly changes
the position of atoms, changing the symmetry of the crystal structure correspondingly.
Therefore, pyroelectric materials can make use of ubiquitous industrial waste heat by
converting it into electricity.
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Figure 2.17. Schematic illustration of the principle of the pyro-catalytic effect of BiFeO3 nanoparticles.[84]

In 2015, Benke et al. verified the active radicals generated by pyroelectric BTO-Pd
nanoparticles for the first time, which exhibited the possible pyroelectric mechanism.[85]
In 2014, pyro-catalytic dye degradation research was conducted under an alternating
cooling and heating excitation procedure from 27 ℃ to 38 ℃ with pyroelectric BiFeO3
nanoparticles.[84] The detailed working scheme for the pyro-catalysts is shown in Figure
2.17. When pyroelectric materials are in thermodynamic equilibrium, compensating
charges in the surrounding solution can totally screen the bound polarization charges. As
the temperature increases from 27 ℃ to 38 ℃, the declining electric dipole moments
reduce the polarization density in the pyroelectric material, which leaves a part of the
screened charges uncompensated. To balance the extra charges left on the material surface,
the chemical species in the surrounding solution such as OH- will react with the screening
charges. The temperature then reaches a constant value, while charge transfer between
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the chemisorbed species results in a reduced screening charge density, which achieves
electric balance again. Conversely, as the temperature decreases, the polarized dipole
moments increase due to the heat consumption from the BiFeO3 nanoparticles. The
chemical species in the solution move to the surface of the pyroelectric material and redox
reactions take place again. Therefore, under the alternating temperature, the chemical
species undergo adsorption and desorption on the pyro-catalyst surface, and a series of
redox reactions just take place correspondingly.[84]
2.4.1.3 Ferroelectric materials as catalysts
Ferroelectric materials possess the spontaneous electric polarization even without
external stress or temperature fluctuation, and the electric polarization is reversible when
an external electric field is applied on the material.[86] The spontaneous electric
polarization in ferroelectric materials is induced by the atomic re-arrangement of ions in
the crystal structure, which is stable under a wide range of chemical and thermal
conditions.[86] The surface charge induced by the polarization is given by Equation (2-14):
𝜎 =𝑛×𝑃

(2-14)

where 𝜎 is the surface charge, 𝑃 is the polarization vector, and 𝑛 is the unit vector
normal to the surface.[87] To neutralize the polarization, a depolarization electric field is
usually present with mobile free charges and defects within the ferroelectric crystal or the
adsorbed molecules and ions on the surface of the crystal from the surrounding medium.
The internal and external screening mechanism are shown in Figure 2.18. The presence
of an internal electric field and the semiconducting properties of ferroelectric materials
make them potential candidates for catalytic applications.
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Figure 2.18. Schematic diagram of the internal and external screening mechanisms through free
carriers/defects and adsorbed charges.[88]

Similar to photocatalytic reactions, the piezopotential-driven redox reactions take
place on the surfaces of the materials, so the surface adsorption properties of catalytic
materials are of vital significance to the efficiency of redox reactions. According to a
previous report, the ferroelectric polarization affects the physical and chemical absorption
properties through the orientation of the dipoles (c+/c-), and more and more researchers
have been paying attention to this phenomenon.[89-91] Yun et al. studied the effect of
ferroelectric poling of LiNbO3 (0001) on the adsorption and desorption of polar and
nonpolar molecules.[91] It was found that the polar molecules and nonpolar molecules
have significantly different adsorption behaviour, as the polar molecules can adsorb more
strongly on a positive surface. The evident differences between the two kinds of
molecules were ascribed to the electrostatics dominated interactions between the surface
of a ferroelectric material and the polar molecules. In addition, the research also indicated
that the adsorption energy differences between the positive and negative surfaces are
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capable of switching the polarity of the LiNbO3 (0001) films.[91] In 2008, Li et al reported
the direct in situ determination of the polarization dependence of the physisorption of CO2
on ferroelectric BTO and PZT surfaces, which revealed that the mode of CO2
chemisorption is dependent on the polarization.[92]

2.4.2 Piezocatalytic activity using piezoelectrics
2.4.2.1 Organic dyes removal

Figure 2.19. (a-d) Schematic illustration of principles of piezoelectrically-induced vibration-catalysis. (e)
Ultraviolet-visible (UV-vis) absorbance spectra of RhB under different vibration times. (f) The
decomposition efficiency of RhB with or without the addition of BTO nanofibers.[93]

Under the action of vibration, the piezoelectrics can generate positive and negative
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charges, which can induce strong dynamic radicals to decompose organic molecules in
solution. In the past few years, there have been a variety of reports on degrading organic
pollutants through the piezo-catalytic effect. Xu et al. degraded Rhodamine B dye with
BTO nanofibers, and a high decomposition efficiency of 97.5% was achieved within 60
min of vibration.[93] In this experiment, hydroxyl ·OH radicals were considered the main
active radical during the vibration-catalysis.[93] The working scheme of the organic dye
degradation is shown in Figure 2.19. The working scheme of the organic dye degradation
is shown in Figure 2.19. Due to the spontaneous polarization, BTO nanofibers generate
built-in polarization when bent under the external vibrations, so that they generate a large
amount of positive and negative electric charges, as illustrated in Equation (2-16):
𝐵𝑎𝑇𝑖𝑂3 → 𝑞 + + 𝑞 −

(2-16)

As shown in Figure 2.19(a), the piezoelectric material is in a dynamic equilibrium
state, as the applied force is a constant (𝐹). When external force is increased to 𝐹 + ∆𝐹,
the decreased electric dipole moments will reduce the polarization density in the material,
which leaves the surface charges uncompensated. To gain dynamic equilibrium again, the
uncompensated charges will react with the hydroxide ion or the dissolved oxygen
solution, generating radical chemical species, hydroxyl radicals (∙ 𝑂𝐻) and superoxide
radicals (∙ 𝑂2− ) (Figure 2.19(b)). The ∙ OH and ∙ O−
2 have strong oxidative property, which
can degrade the dyes in solution, as shown in Equation (2-17), Equation (2-18), and
Equation (2-19):
𝑂2 + 𝑞 − → 𝑂2−

(2-17)

𝑂𝐻 − + 𝑞 + →∙ 𝑂𝐻

(2-18)

𝑂2− /∙ 𝑂𝐻 + 𝑑𝑦𝑒𝑠 → 𝐶𝑂2 + 𝐻2 𝑂

(2-19)
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Moreover, the piezoelectric material achieves electric equilibrium again when the
force reaches a constant value (Figure 2.19(c)).[93] As the applied force is reduced from
𝐹 + ∆𝐹 to 𝐹, the electric dipole moments increase correspondingly, which results in an
increase in the polarization density and leads to degradation again (Figure 2.19(d)).[93]
Thereafter, the piezoelectric material reaches the equilibrium state. Therefore, the organic
dyes can be degraded gradually under an alternating breaking and establishment of
equilibrium on BTO piezoelectric material as shown in Figure 2.19(e-f).[93]

Figure 2.20. The reaction mechanism of piezo-catalysis.[83]

Generally, it is accepted that one- and two-dimensional piezoelectric materials can
produce deformation more easily, which can induce piezo-catalytic reactions. In 2017,
Feng et al. explored whether the morphology of a material is crucial to its piezo-catalytic
performance.[83] Furthermore, this research also investigated the mechanism of piezocatalysis by distinguishing the effects of polarized charges and free charges. To obtain
the free charges, BiFeO3 (BFO) with a narrow band gap was doped into PZT in the solid
reaction state. Magnetic stirring was adopted to degrade a RhB solution with PZT-BFO
particles. The results showed that the samples with BFO doping had better piezo-catalytic
performance than pure PZT ceramic particles, as the degradation efficiency of PZT-BF
could reach 25%, while pure PZT could only reach 7% within a 30 min reaction. Based
on the experimental results, a new mechanism was proposed, as shown in Figure 2.20.[83]
Because of the doping of the narrow band-gap conductor, leading to the formation of
41

Chapter 2. Literature Review

defects, free charges will emerge in the piezoelectric material. When subjected to
mechanical compression, the internal electric field formed in the piezoelectric material
will drive the free charges (electrons and holes) to separate and then move to the surfaces
of the piezo-catalysts to participate in the redox reactions by producing oxidized active
species. In addition to degrading RhB, other kinds of organic dyes, such as Methyl orange
(MO) and Methylene blue (ME) can also be degraded with piezo-catalysts. Yuan et al.
degraded RhB, ME, and MO under ultrasonic vibration with Sm-doped magnesium
niobate – lead titanate (PMN-PT) piezo-catalyst.[29] The non-dye pollutant 4chlorophenol was also degraded with hydrothermally synthesized tetragonal BTO
particles.[94]
2.4.2.2 Hydrogen production
To meet our growing energy demands, it is essential to develop clean, low-cost, and
renewable fuel sources. In the past few decades, hydrogen has been gaining more and
more attention, as it can produce a huge amount of clean energy with minimal impact to
our environment. Currently, most hydrogen fuel is produced by steam reforming of
natural gas. Although photocatalytic water splitting with semiconductors has provided a
much greener method to generate hydrogen, its overall low efficiency has limited its
further usage. As discussed earlier, piezoelectrics, especially ferroelectric materials may
offer a new concept for water splitting, as the charge carriers can be separated more
efficiently with their electric field.[86]
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Figure 2.21. (a-c) Schematic diagrams of hydrogen and oxygen production with ZnO fibers and BTO
microcrystals. (d) Eh-pH diagram showing the stability field of water. (e) The hydrogen and oxygen
generation reaction cannot take place if the strain induced potential is lower than of the standard reduction
potential of water.[32]

In 2010, water was split directly via the vibration of piezoelectric microfibers for the
first time by Hong and co-authors. The hydrogen and oxygen were generated through
direct

water

decomposition

with

piezoelectric

ZnO

microfibers

and

BTO

microdendrites.[32] As is shown in Figure 2.21(a-b), a nonzero dipole moment was
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induced in the crystal lattice by material deformation under ultrasonic waves, and then a
charge potential was created on the surfaces of ZnO and BTO (Figure 2.21(c)). The
potential is favourable for the reduction and oxidation reactions because it transfers
charges to the adsorbed species on the material surface. Furthermore, to initiate the redox
reactions with electrons, the induced potential must be higher than the standard redox
potential of water (1.23 eV) (Figure 2.21(d)). This research also indicated that once the
induced potential was lower than 1.23 eV, the reactions that can generate hydrogen and
oxygen will not occur, as shown in Figure 2.21(e).

Figure 2. 22. (a) Atomic structure of BiFeO3. (b) Under mechanical vibration, piezoelectric charges are
generated on the material surface and then participated in the piezo-catalytic reaction. (c-d) Energy band
diagram without and with mechanical forcing.[34]
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One more thing that should be considered for hydrogen production is that the
conduction band of the semiconductor should be more negative than the H2/H2O redox
potential (0 V). In 2018, however, You et al. proposed a new concept to generate
hydrogen with BiFeO3 nanosheets, even though its conductive band edge is around 0.33
V.[34] BiFeO3 is a ferroelectric with a large spontaneous polarization, which is in excess
of 100 µC/cm2. In this research, the author made full use of its large enough piezoelectric
field, as it can induce a tilting of the conduction band, which is available for the hydrogen
evolution reaction.[34] The schematic illustration is shown in Figure 2.22. Due to the noncentrosymmetric rhombohedral structure, BiFeO3 is a piezoelectric material, and thus,
under mechanical vibration, the thin BiFeO3 nanosheets can be easily bent and produce
abundant positive and negative charges on the catalyst’s surface (Figure 2.22(a-b)). As
shown in Figure. 2.22(c), the energy band gap of BiFeO3 is 2.27 eV, while the bottom of
its conductive band (CB) is 0.32 V, which is not energetically favourable for the hydrogen
evolution reaction (HER). Under mechanical vibration, the open-circuit voltage (𝑉𝑂 )
created on the two surfaces of a single nanosheet is calculated in Equation (2-20):
𝑉𝑂 =

𝑤3 ∙𝑇3 ∙𝑑33
𝜀0 ∙𝜀𝑟

(2-20)

where 𝑇3 is the applied stress in the normal direction of the nanosheet, 𝑤3 is the
thickness of the piezoelectric nanosheet, and 𝑑33 , 𝜀0 , and 𝜀𝑟 are the piezoelectric modulus,
the vacuum permittivity, and the relative permittivity, respectively.[34] The VO across the
BiFeO3 nanosheet was calculated to be 0.88 V, which is capable of tilting the CB to the
negatively charged side and enabling the production of hydrogen (Figure 2.22). In
addition, the vibration power and frequency have significant impacts on the amount of
generated hydrogen.

2.5 Gaps in the Literature
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(1) Flexible piezoelectric energy harvesters, especially the composites of a
piezoelectric material with a polymer matrix, have demonstrated their ability in
harvesting vibration energy from environment. Although they have been studied for a
long time, due to the adoption of piezoelectric materials with poor piezoelectric
coefficients, the fabricated flexible piezoelectric energy harvesters cannot generate high
voltage and current. In addition, most research has only focused on harvesting energy or
sensing at room temperature, while ignoring the exploration of high temperature energy
collection and sensing.
(2) Many hybrid piezo/triboelectric energy harvesters were fabricated with a
sandwich structure, which required a complex fabrication process and increased the
difficulty, as well as the cost, of fabrication. Furthermore, similar to the studies on flexible
piezoelectric energy harvesters, the researchers only studied the electrical output
properties of hybrid energy harvesters at room temperature, although more and more
research in areas such as oil exploration requires the sensors to work at high temperature
(150 – 200 ℃).
(3) Piezo-catalysts are attracting more and more attention due to their ability to
degrade dyes in wastewater and generate hydrogen via making use of vibrational energy
in nature. Some of the previously reported piezo-catalysts are lead-based, however, which
will inevitably result in secondary pollution after the catalytic reactions. Moreover,
although they have been studied for a few decades, their working mechanism is still not
very clear.
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3.1. Materials fabrication
3.1.1 Solid State Reaction Method
The solid state reaction, which is also called a dry media reaction, is a chemical
reaction system in the absence of a solvent, which is the most widely used method for
preparing polycrystalline ceramics. Generally, in a typical solid state reaction process,
raw materials are mixed thoroughly via a ball-milling machine or by the hand in an agate
mortar, and then the mixed materials will undergo presintering with the chemical reaction
taking place at this stage. After the presintering, the powders will be ground again,
followed by pressing the powders into pellets for a second sintering at an appropriate
temperature with the aim of forming the desired phases. In this thesis, the ceramic
particles used for fabricating flexible energy harvesters are made by the solid state
reaction.

3.1.2 Hydrothermal Reaction Method
Hydrothermal synthesis is a common method for synthesizing inorganic materials.
The first step is dissolving the raw materials into a solution, and then the aqueous solution
is sealed in an autoclave which includes a polytetrafluoroethylene (PTFE)-lined stainless
steel vessel. The autoclave is then heated to a certain temperature (100 -1000℃), while
the pressure in the sealed autoclave varies from 1 MPa to 1 GPa. Compared with other
methods for synthesizing materials, the hydrothermal reaction method shows evident
advantages in controlling the material size and morphology, since the material will grow
slowly under high temperature and pressure. Thus, it is always used to fabricate nanoscale
materials with specific morphology. In addition, the hydrothermal reaction method is
quite simple, because it contains less steps, and the reaction temperature is not very high,
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since the sealed autoclave can form the high pressure environment. Furthermore, the
chemical ratio is easy to control, especially for volatile materials. In this thesis, the
nanomaterials used for piezo-catalytic reactions are synthesized by the hydrothermal
reaction method.

3.2. Materials Characterization
3.2.1 Powder X-ray Diffraction (XRD)
Powder X-ray diffraction is a widely used method to analyze the crystallinity and
identity of crystals. Crystals are composed of unit cells that are arranged in regular arrays
of atoms. When a beam of monochromatic X-rays is incident on the crystal, they are
scattered by different atoms and will interfere with each other. XRD signals will occur
due to constructive interference when the conditions satisfy Bragg’s law, as expressed by
following Equation (3-1):
𝑛𝜆 = 2𝑑𝑠𝑖𝑛𝜃

(3-1)

where 𝑛, 𝜆, 𝑑, and 𝜃 are the integer representing the order of the diffraction peak, the
wavelength of the beam, the lattice spacing between diffracting planes, and the diffraction
angle, respectively. In this thesis, the samples were ground into powder, and then the
powders were placed on a small disc-shaped quartz holder with a flattened surface. The
XRD patterns were collected via a GBC-MMA X-ray diffractometer with a Cu Kα
radiation (𝜆 = 1.5418 Å) at room temperature in air.

3.2.2 Synchrotron Powder Diffraction (SPD)
Synchrotron radiation is the electromagnetic radiation that is emitted when highenergy electrons are forced to travel in a circular orbit inside synchrotron tunnels by the
“synchrotronised” application of strong magnetic fields. The electron beam will be
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accelerated to a high speed of 299792 kilometers a second, which is just under speed of
light. The intense light is filtered and adjusted to travel into an experimental workstation,
where it can reveal the innermost, sub-macroscopic secrets of materials. In this thesis, the
ground powders were packed into a quartz tube (high temperature) or boron nitride (low
temperature) with paraffin. The SPD patterns were collected on the Powder Diffraction
beamline at the Australian Synchrotron under argon.

3.2.3 Field Emission Scanning Electronic Microscopy (FESEM)
A scanning electron microscope (SEM) is a type of electron microscope that
produces images of a sample by scanning the surface with a focused beam of electrons.
The electrons can interact with atoms in the sample and produce various signals, such as
secondary electrons and backscattered electrons, which can be collected by detectors and
form images of the sample. In addition, characteristic X-rays are produced by inner
electron transitions, which can show the distribution of elements and compounds. With
an energy dispersive spectroscopy (EDS) facility, the elemental composition can be
analyzed immediately. In this thesis, the surface morphology and elemental information
were characterized by a JOEL JSM-7500F field emission scanning electronic microscope
with an energy-dispersive X-ray spectroscopy facility.

3.2.4 Scanning Transmission Electronic Microscopy (STEM)
Transmission electronic microscopy (TEM) can form images of the morphology of
a sample by electrons passing through a sufficiently thin specimen. Scanning transmission
electronic microscopy (STEM) is a type of TEM equipped with additional scanning coils,
detectors, and the necessary circuitry. Unlike a traditional TEM, the electron beam in an
STEM is focused to a fine spot, which is then scanned over the sample in a raster pattern.
The raster pattern of the electron beam across the sample makes STEM suitable for
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several analysis techniques, such as annular dark-field imaging (ADF), electron energy
loss spectroscopy (EELS), and elemental mapping by energy dispersive X-ray (EDX)
spectroscopy. In this thesis, the crystal structure information was obtained from a JEOL
ARM200F microscope. Elemental mapping was performed on the X-ray spectrometer
attached to the JEOL ARM200F microscope.

3.2.5 Thermogravimetric Analysis (TGA)
Thermogravimetric analysis (TGA) is a thermal analysis method that works by
measuring the mass changes of a sample over time as the temperature changes. A wide
variety of information on physical phenomena, such as absorption, phase transitions,
adsorption and desorption, as well as chemical phenomena, including chemisorption and
thermal decomposition, are provided by this technique. In this thesis, the TGA was
conducted on TGA/DSC 1 Star System.

3.2.6 Impedance Analysis
An LCR meter is a type of electronic test equipment, which can be used to measure
the inductance (L), capacitance (C), and resistance (R) of an electronic component. With
the simple version of LCR, the impedance is measured internally, and then it is converted
to the corresponding capacitance and inductance values for display. The display
resolution and measurement range capability will change with the applied frequency,
since the changed frequency will influence a given component, such as an inductor or
capacitor. In this thesis, a precision LCR (HP 4980 A, Agilent) meter was used to measure
the dielectric properties of the synthesized materials.

3.2.7 Ferroelectric Test System
A ferroelectric test system is designed to conduct measurements on ferroelectric
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materials to determine their main electrical characteristics, including hysteresis
measurements, leakage current measurements, fatigue measurements, retention
measurements, and imprint measurements. Generally, the ferroelectric test system
includes a built-in function generator, an analogue input board, and a wide bandwidth
virtual ground amplifier with a driving unit. In this thesis, the ferroelectric hysteresis
loops was collected with a TF2000E ferroelectric test system (aixACCT).

3.2.8 Quasi-static Piezoelectric d33 Test
The quasi-static d33 meter is an instrument that can directly measure piezoelectric
constant d33 values of piezoelectric ceramics, polymers, and single crystals. By applying
low-frequency mechanical stress on the sample, the d33 meter is capable of measuring d33
values over a large range, at high resolution, and with a high degree of reliability. In this
thesis, the samples were measured with a YE2730 d33 meter.

3.2.9 Source Meter Unit
The source meter unit (SMU) is a type of test equipment which can precisely force
voltage or current and simultaneously measure the accurate current or voltage. An SMU
is widely used for a variety of applications that require high accuracy and high resolution
as well as measurement flexibility, such as testing semiconductors and non-linear devices,
and collecting I-V characteristics, where the voltage source and the current source span
both positive and negative values. In this thesis, the devices were characterized with a
2612 B source meter from Keithley.

3.2.10 Ultraviolet-visible Spectroscopy
Ultraviolet-visible (UV-Vis) spectroscopy refers to absorption or reflectance
spectroscopy in part of the ultraviolet and the full, adjacent visible spectral regions. The
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instrument used to conduct the ultraviolet-visible spectroscopy is called a UV-Vis
spectrophotometer, which measures the intensity (I) of light after it passing through the
sample, and then compares I to the intensity of light (I0) before it passes though the
sample. The basic principle of ultraviolet-visible spectroscopy is that molecules contain
bonding and non-bonding electrons that can absorb energy in the form of ultraviolet or
visible light, and then these electrons can be excited to higher anti-bonding molecular
orbitals. The more easily excited the electrons, the longer the wavelength of light that
they can absorb. In analytical chemistry, UV/Vis spectroscopy is widely used in
quantitative determination of different analytes, such as highly conjugated organic
compounds and transition metal ions. Usually, the spectroscopic analysis is carried out in
solutions, but solids and gases can also be studied. In this thesis, the UV-Vis absorption
spectra were collected on a Shimadzu UV-1800-1. UV-Vis diffuse reflectance
spectroscopy (DRS) was conducted on a UV-Vis (SOLID3700).

3.2.11 Gas Chromatographic Analysis
Gas chromatography (GC) is a type of chromatography, which is commonly used in
analytical chemistry for separating and analyzing compounds in a complex sample that
can be vaporized without decomposition. By means of a flow-through narrow tube, which
is known as the column, different kinds of chemical constituents in the sample pass by in
a gas stream at different rates depending on their various chemical and physical properties
as well as their interaction with a specific column filling which is called the stationary
phase. Due to the different passing speeds, different components are separated in the
stationary phase, which causes each one to exit the final column at different times. In this
thesis, the gas was detected by a SRI 8610C gas chromatography.
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Chapter 4. Flexible Piezoelectric Energy Harvester/Sensor
with High Voltage Output over Wide Temperature Range
(This chapter is based on the following published work: Y. H. Sun, J. G. Chen, X. N. Li,
Y. Lu, S. J. Zhang, Z. X. Cheng*, Flexible piezoelectric energy harvester/sensor with
high voltage output over wide temperature range, Nano Energy 61 (2019) 337-345.)

4.1. Introduction
With development of the “Internet of Things”, where countless numbers of wireless
sensing devices are continuously monitoring, detecting, and communicating, the
exploration of more sustainable self-powered sensor devices other than battery-powered
ones, which need to be periodically recharged and replaced, is highly desired. To power
these wireless sensing devices, the continuous generation of electricity converted from
ambient energy sources without external interference, such as solar, wind, geothermal,
mechanical, and biological forms of energy, has been intensively explored in the past
decade.[1-6] Among these energy sources, mechanical energy is ubiquitous, from sources
including human activities, vibrations, vehicle operation, etc.[95] although in most
situations, it is ignored and wasted.
In order to make use of mechanical energy in the ambient environment, piezoelectric
materials, which can directly convert mechanical vibrations into electrical energy, have
been exploited in practical applications. Only in the past decade, however, with the
emergence of the energy crisis and global warming, have piezoelectric based energy
harvesters for acquiring clean energy started to attract intensive attention. Up to now,
different kinds of piezoelectric materials, such as ZnO[96-98] and perovskite ferroelectric
materials, have been utilized to fabricate piezoelectric energy harvesters (PEHs) with
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different structures. Compared with ZnO, perovskite ferroelectric materials with better
piezoelectric properties are more suitable for energy harvesting. As one example of
piezoelectric materials with the perovskite structure, BiFeO3-PbTiO3 (BF-PT) solid
solution has recently come to our attention due to the high piezoelectric coefficient at its
morphotropic phase boundary (MPB) and its high Curie temperature (TC) inherited from
its two end member compounds BiFeO3 (TC = 820 ℃) and PbTiO3 (TC = 490 ℃). The
MPB composition of La modified (1-x)BiFeO3-xPbTiO3 (BLF-PT) was reported to locate
at x = 0.43 with Curie temperature of 355 °C, possessing good piezoelectric properties.[99,
100]

It is worth noting that the Curie temperature of the BLF-PT MPB composition is

higher than for most perovskite-structured piezoelectric materials, while it has
comparable piezoelectric performance. Therefore, based on the above advantages, the
MPB composition of BLF-PT solid solution was chosen in this research for exploration
of its energy harvesting properties at elevated temperature, which can be used in harsh
environments, such as oil exploration (which operates in temperatures from 150-200 °C).
Among the various kinds of piezoelectric energy harvesters (PEHs), flexible
electronic devices are the currently emerging technology and attracting a lot of attention
not only because they can harvest electrical power from ambient mechanical energy, but
also for their splendid flexibility and robustness with outstanding piezoelectric
performance. Flexible piezoelectric energy harvesters with polymers such as
polydimethylsiloxane (PDMS),[68,

98, 101]

polyvinylidene difluoride (PVDF),[102,

103]

poly(methyl methacrylate) (PMMA)[104]) as composite matrix have been paid great
attention to due to their high elasticity and acid-base resistance property, which can
enable the integrity of devices without fracturing under high pressure and some kind of
harsh environment. However, the working temperatures of PDMS, PVDF, and PMMA
are less than 200°C, which is lower than the Curie temperature of a number of
54

Chapter 4. Flexible Piezoelectric Energy Harvester/Sensor with High Voltage Output
over Wide Temperature Range

piezoelectric materials, and therefore, the low working temperature of a PDMS or PMMA
based flexible harvester will seriously restrict the temperature range of the device for
application in a harsh environment. To enlarge the operating temperature range of
composite device by full utilization of the high temperature working potential of BF-PT,
it is of great importance to utilize a polymer matrix with excellent temperature stability.
Widely employed in high temperature plastics, dielectrics, photoresists, etc., polyimide
(PI) ranks among the most heat-resistant polymers, which can bear wide temperature
range from -200 °C to 300 °C.[105] Furthermore PI can be easily peeled off from hard
substrates, in contrast to the removal by the complex laser lift-off method for other
polymers.[106] Therefore, with its outstanding physical and chemical properties, PI can be
a good polymer matrix candidate to fabricate PEHs.
In this work, super-flexible and lightweight free-standing energy harvesters were
fabricated from 0.57Bi0.8La0.2FeO3-0.43PbTiO3 ceramic powders and PI matrix. The
high-temperature piezoelectric BLF-PT particles were synthesized by a conventional
solid-state reaction method, and the composite film was prepared by the spin-coating of
mechanically mixed ceramic particles and the polymer matrix. To avoid insufficient
polarization of thick areas and unexpected breakdown initiated in the thinner areas due to
the non-uniform thickness of the composite piezoelectric film, interdigital (ID) electrodes
was coated on our device. At room temperature, with the impact from a human hand, a
stable voltage output of around 110 V and current density of 220 nA/cm2 were obtained.
In addition, the electric output property of our PEH subjected to low frequency (~1 Hz)
and high temperature (~ 350 ℃) conditions, respectively, was also studied.

4.2. Experiment section
4.2.1. Fabrication of (Bi, La) FeO3-PbTiO3 Nano/micro-particles
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0.57Bi0.8La0.2FeO3-0.43PbTiO3 (BLF-PT) particles were prepared via a solid-state
reaction method, using high purity (99.9%+) bismuth oxide, lanthanum oxide, ferric
oxide, lead oxide, and titanium oxide as starting materials. The oxide materials were
carefully weighed according to nominal composition and then mixed thoroughly for 12 h
in ethanol by ball milling. After drying, the mixed powder was calcined at 750 °C for 4 h
in a covered alumina crucible. The calcined powder was ball milled again, after which
the binder was added, and the granulated powder was pressed into pellets 12 mm in
diameter and 2 mm in thickness. The pellets were sintered in a covered alumina crucible
at 1060 °C for 0.8 h with protective powders in order to reduce the volatilization of
bismuth oxide. After sintering, the pellets were ground into powder with particle size of
about 1 µm, which were measured by a laser particle size analyser.

4.2.2 Fabrication of piezoelectric energy harvester (PEH)

Figure 4.1. Solidification process for the PI and BLF-PT/PI film.

A polyimide (PI) solution was spin-casted onto glass to form a very thin protective
layer (~20 μm) at room temperature, using a spinning rate of 500 rpm for 30 s and then
2500 rpm for 30 s, followed by curing in an oven in order to make high quality PI
composite by following a complicated sintering procedure (Figure 4.1). After
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solidification, ID electrodes with gap separation of 150 μm, finger width of 100 μm, and
finger length of 1 cm was sputtered on the surface of the PI film via ion sputtering and a
shadow mask, with the effective area covered by electrode 1×1.4 cm2. Meanwhile
conductive wires were attached to the two interdigital electrodes. Then, the BLF-PT
powders in different weight fractions of 5, 10, 20, and 30 wt% were uniformly dispersed
into the PI solution, followed by spin-casting on the electrode coated PI protective film.
The composite film was peeled off from the glass after solidification. Finally, the device
was poled at 185 °C by applying an electric field of 80 kV/cm for 24 h.

4.2.3 Characterization

Figure 4.2. Picture of the measurement system, where the inset shows the corresponding schematic
diagram.

The structure of the synthesized BLF-PT was investigated via using X-ray
diffraction (XRD, GBC, MMA) with Cu Kα radiation (λ = 1.5406 Å). Morphology of the
ceramic powders and cross-section of the composite was observed by scanning electron
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microscopy (SEM, JEOL7500), element mapping was conducted with the same scanning
electron microscopy equipped with an energy dispersive X-ray spectroscopy (EDS). The
crystal structure of the ceramic powder was analysed by the high resolution transmission
electron microscopy (HRTEM, JEOL2010). To measure the electrical properties, the
sintered ceramic pellets were polished to a thickness of 1 mm and coated with gold
electrode. A precision impedance analyzer (LCR, HP 4980A, Agilent, USA) was used to
measure the capacitance of the ceramic pellet. The dielectric constant was calculated from
the capacitance. The piezoelectric constant was measured with a quasi-static piezoelectric
d33 meter. A ferroelectric test system (TF2000E, aixACCT, Germany) was used to collect
ferroelectric hysteresis loops. The output current and voltage of the PEHs were in-situ
recorded by a source meter (2612B, Keithley, USA), the measurement system is shown
in Figure 4.2.

4.3. Results and discussion
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Figure 4.3. (a) SEM image of BLF-PT ceramic particles, where the inset shows EDS mappings of a
corresponding particle. (b) HRTEM image of a typical portion of a corresponding particle. (c) Rietveld
refinement analysis of XRD spectrum of BLF-PT. (d) Polarization – electric field (P-E) hysteresis loops of
BLF-PT ceramic pellet. (e) Dielectric constant and loss of BLF-PT as a function of temperature at 10 Hz.
(f) Piezoelectric constant as a function of temperature.

Figure 4.3 shows the basic characterizations of the BLF-PT ceramics. Morphology and
local crystallinity of the BLF-PT particles had been investigated by SEM and HRTEM.
The BLF-PT particles exhibit polyhedral shape and homogeneous morphology with the
size of about 1 μm (Figure 4.3(a)), and the inset EDS mapping images show
homogenously distributed elements of O, Bi, Fe, La, Pb and Ti. Figure 4.3(b) presents
the HRTEM image which was used to analyse the crystal structure of the BLF-PT powder
used for the following device fabrication. According to the HRTEM image, the
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interplanar distances of 0.392 nm and 0.275 nm can be observed, which correspond to the
(101) and (110) planes of rhombohedral (R3c, 𝑎 = 𝑏 = 𝑐 = 3.958 Å ) and tetragonal
(P4mm, 𝑎 = 𝑏 = 3.899 Å, 𝑐 = 4.153 Å ) phases respectively. XRD Rietveld refinement
was also carried out with the FullProf package (Figure 4.3(c)). The results show that the
XRD pattern of BLF-PT is fitted well when a combination of rhombohedral and
tetragonal phases is used with good fitting quality (weighted profile reliability factor, Rwp
= 6.4; profile reliability factor, Rp = 4.22), which indicates two phases coexistence for
BLF-PT solid solution with 59.2% R3c phase (𝑎 = 𝑏 = 𝑐 = 3.961 Å ) and 38.7% P4mm
phase (𝑎 = 𝑏 = 3.899 Å, 𝑐 = 4.167 Å ) at room temperature. The results of XRD and
TEM measurement are consistent. Figure 4.3(d) shows room-temperature hysteresis
loops at the frequency of 1 Hz for different maximum electric fields. The sample shows
typical hysteresis loops with a relatively rectangular shape. The remnant polarization, Pr,
and the coercive field are on the orders of 40 μC/cm2 and 28 kV/cm, respectively. Figure
4.3(e) is the temperature dependence of the dielectric constant (ɛ) and loss (δ) at 10 Hz,
where the ferroelectric to paraelectric phase transition temperature (Curie temperature) is
355 °C. The room temperature dielectric constant and piezoelectric coefficient are on the
order of 890 and 290 pC/N, respectively. The temperature dependence of the piezoelectric
constant d33 is given in Figure 4.3(f), where it is found that the piezoelectric constant
increases with increasing temperature and reaches 528 pC/N at 225 °C, comparable to the
values of soft lead zirconate titanate based ceramics.
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Figure 4.4. (a) Schematic illustration of the fabrication process for the flexible energy harvester. (b)
Photograph of the fabricated flexible device in the bent state. (c) SEM image of a cross-section of the
device. (d) SEM image of the composite film consisting of BLF-PT particles. (e) Schematic diagram of the
device with ID electrodes and the polarization distribution from a cross-sectional view. (f) Photograph of
the fabricated device and (b) photograph under optical microscope (with the bar in the picture 500
micrometers).

Figure 4.4(a) shows a schematic illustration of the fabrication of a BLF-PT/PI-based
device; detailed information is provided in the Experimental section. The ID electrodes
are covered on both sides by PI or composite film, which can prevent them from being
damaged during the measurement process. Figure 4.4(b) shows a free-standing
composite device being bent by fingers, with only conductive wires attached, which
confirms the super-flexibility of the fabricated PEH. Figures 4.4(c-d) show a crosssectional scanning electron microscopy (SEM) image of the device and microstructure of
the composite part, where the whole thickness of the device is around 50 μm, which
enables the device to be flexible. As is shown in Figure 4.5, the average diameter of the
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piezoelectric BLF-PT particles is 1 μm. Compared to previously reported flexible
composite energy harvesters, we employed polyimide as the matrix, expecting a broader
usage temperature range (-200 °C to ~300 °C). In addition, the polyimide can maintain
not only its flexibility but also its stiffness after solidification, so that when a force is
applied along the vertical direction of the device, the stress can be effectively transferred
to all of the BLF-PT particles, thus greatly enhancing the energy harvester’s
efficiency.[107] Figures 4.4(e-g) show a schematic diagram and photographs of the device
with ID electrodes. The positive and negative interdigital electrode fingers are aligned
alternately and equidistantly, which will benefit the poling process.

Figure 4.5. Diameter distribution of the BLF-PT particles.

62

Chapter 4. Flexible Piezoelectric Energy Harvester/Sensor with High Voltage Output
over Wide Temperature Range

Figure 4.6. Schematic illustration of dipole alignment during the poling and pressure application
process. (a) Dipoles in BLF-PT particle align randomly before poling. (b) After poling, the dipoles align
in the same direction as the applied electric field. (c) The piezoelectric potential is generated when a
compressive force is applied on the PEH. (d) Electrons flow back along the opposite direction as the
compressive force is released from the PEH.

Our device adopted the ID electrode design, since such an electrode design can not
only effectively facilitate poling of the device, but also makes it possible to minimize the
thickness of the device, which will reduce the device’s weight and improve its flexibility,
while maintaining comparable output performance. The poling mechanism and power
generation mechanism of the composite energy harvester are described in Figures 4.6(ad). The ferroelectric domains align randomly in the BLF-PT within the PI matrix prior to
the poling process. The ferroelectric domains tend to align along the direction of applied
electrical field when subject to a strong electrical field, as shown in Figure 4.6(b). In this
case, if no external force is applied on the device, the device has no output electric signal
because of electrical equilibrium within the device. The distance between two finger
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electrodes will change when the device is subjected to a vertical compression force, and
the total polarization of the composite between the two electrodes will change
accordingly, which leads to piezoelectric potential between the two electrodes. Therefore,
the free charges will flow through the external circuit to move and gather at the surface
of the electrode to maintain balance in the electric potential. As a result, electrical signals
will be generated due to the movement of electrons in the external circuit. Furthermore,
when the external pressure force is released, the distance between the negative and
positive finger electrodes will change back to the initial state, and hence, the piezoelectric
potential will disappear. In this case, the gathered charges flow back in the opposite
direction, so that a negative electrical pulse is produced. Consequently, repeated positive
and negative electric signals are obtained during the continuous tapping and release of
external force on the device.[108]

Figure 4.7. (a-b) Time-dependent open circuit voltage and short-circuit current of the fabricated composite
with 5-30% BLF-PT weight fractions. (c) The required operating temperature for devices under different
specific conditions. (d) Time-dependent output voltage when the device is subjected to different
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temperatures.

In order to fully understand the influence of the BLF-PT weight fraction on the
output signals of devices, a series of devices were fabricated under same procedure with
various weight ratios of BLF-PT powders, namely 5, 10, 20, and 30 wt%. Mechanical
deformation was produced under application of pressure of ~ 0.18 MPa and frequency of
~1 Hz. Under the same test conditions, the time dependent short-circuit current and opencircuit voltage of the devices were characterized. As shown in Figure 4.7(a-b), with an
increasing proportion of BLF-PT powder, the output voltage and current clearly increase,
with the highest recorded peak values reaching 110 V and 310 nA for the device loaded
with 30 wt% BLF-PT powders. The piezoelectric potential distinctly increases in
proportion to the concentration of BLF-PT powders, which can be attributed to the
enhanced piezoelectricity of the composite.[109]

Figure 4.8. Electrical output of flexible PEHs made of BLF-PT/PVDF and BLF-PT/PDMS at room
temperature (RT) and 150 ℃.
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Energy harvester or sensor application in harsh environments such as high
temperature is very important for some specific applications, for example, oil exploration
(which operates in temperatures from 150-200 ℃ ), as shown in Figure 4.7(c).To
characterize the performance of the device at high temperature, the device with 30%
BLFPT piezoelectric material was further evaluated under various high temperatures
from 50 to 300 °C at the frequency of 1 Hz (Figure 4.7(d)). Firstly, the device was fixed
on the bottom of the glass and immersed in silicone oil for better temperature
homogeneity. When the temperature reached the designed value, a stick was used to tap
the device at ~1 Hz. The open-circuit output voltage is quite stable, maintaining 100 V
when the temperature is below 150 °C, which is much higher than the PEH devices made
based on PVDF and PDMS (Figure 4.8). Above 150 °C, the output decreases slowly, but
is still as high as 30 V at 300 °C, whereas PEH made of PVDF and PDMS showed no
obvious output. This result indicates that the device can operate stably below150 °C and
is still workable at temperatures as high as 300 °C. According to the thermogravimetric
analysis (TGA) data in Figure 4.9, the glass transition temperature is around 200 °C,
which means that the polymer matrix will not become soft below 200 oC, and then the
transferring efficiency of the applied force to the piezoelectric powder may not change
obviously. Therefore, the PEH made of PI and BLF-PT ceramic powders show wider
workable temperature range than other materials. When the testing temperature is above
200 oC, the piezoelectric particles may experience partial depolarization. In addition, the
expansion coefficient of polyimide and BLF-PT ceramic powders are also quite different,
leading to the internal stress at the interface between them with the variation of the
temperature. Thus, the output voltage potential may decrease obviously above 200 oC.
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Figure 4.9. TGA plot of device with 30 wt% BLF-PT.

For BLF-PT/PI composites, the electrical properties are determined by the volume
fraction (∅) of the BLF-PT particles and the electrical properties of both the ceramic
particles and the PI matrix. A model to describe the dielectric 𝜀33 and piezoelectric 𝑑33
constants for 0-3-dimensional composite materials was proposed by Yamada et al. and
is expressed by Equation (4-1), Equation (4-2), and Equation (4-3):[110]
1
𝜀33 = 𝜀33
{1 +
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2
where 𝜀33
is the dielectric constant of the PI matrix in the poling direction, 𝜀33
is the

dielectric constant of the BLF-PT ceramic in the poling direction, n is the inverse of the
of depolarization factor of the particle, 𝛼 is the poling ratio of the ceramic particles, 𝐸 is
2
the local electric field coefficient, and 𝑑33
is the piezoelectric constant of the ceramic.

The electric potential is calculated from a simplified simulation model (Equation (212))[111] composed of two electrodes with an electrode spacing 𝐿 of 150 µm (for our
device, as shown in Figure 4.4(e)).
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𝑉=

𝑑33 𝑇𝐿

(2-12)

𝜀0 𝜀33

It is obvious that the electric potential is determined by the piezoelectric constant
𝑑33 , the dielectric constant 𝜀33, and the pressure 𝑇. According to the calculations by
Yamada’s model using the assumed parameters for our device (𝜀33 ~ 60, ∅ ~ 0.7, 𝑛 ~ 8,
𝑑33 ~ 90 pC/N, 𝑇 ~ 10 MPa), the device with the concentration of 30 wt% shows the
maximum electrical potential of 260 V between the neighboring lateral electrodes. The
inconsistence between the experimental and calculated values might be due to the reasons,
such as inaccurate parameters used in the calculation or the incomplete poling. However
the calculation results indicate that the flexible BLF-PT device can potentially generate
even higher output voltage.
For comparison, Table 4.1 summarizes the PEHs’ energy harvesting performance
based on different working materials, active areas and working forms. It indicates that the
output electric signal of our super-flexible device made of BLF-PT and PI can be
comparable to those of recently studied composite piezoelectric energy harvesters.
Table 4.1. Output Performance Comparison of Flexible Composite Piezoelectric Energy
Harvesters. (RT = room temperature, ~300 K)
Piezoelectric

Matrix

material

Active

Working form

Voltage (V)

Current

area

density

(cm2)

(nA/cm2)

Ref

PDMS

4

Bending

3.2 (RT)

62.5-87.5

[7]

PZT+MW-CNTs

PDMS

9

Bending

10 (RT)

144

[14]

BTO

PVDF

1

Pressing (1MPa)

35 (RT)

600

[111]

BTO+Graphitic
Carbons
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BCZT+Ag NWs

PDMS

9

Bending

15 (RT)

89

[68]

BTO+PVDF

PDMS

2.2

Pressing

75 (RT)

681

[108]

5 (RT)

272

(0.23MPa)
Bending
ZnO

None

0.32

Bending

0.01 (RT)

31

[112]

NaNbO3

PDMS

3.2

Bending

3.2 (RT)

16

[113]

BiFeO3

PDMS

1

Pressing

3 (RT)

120

[114]

(Bi,La)FeO3-

PI

1.4

Pressing

110 (RT)

220

This

PbTiO3

(0.18MPa)

100 (150℃)

work

Figure 4.10. (a-g) Output voltage of the PEH with 30 wt% BLF-PT under different impact frequencies with
the pressure of ~ 0.02 MPa. (h) Relationship between the peaks of the output voltage and the impact
frequency.

To harvest energy from human motion, the device needs to work efficiently at low
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frequency, so it is highly important to evaluate the device performance in this specific
frequency range. For this purpose, cyclical mechanical tapping with a pressure of 0.02
MPa was applied on the device with frequency ranges from 0.2 to 1.0 Hz, which is similar
to that of human motion. Figure 4.10(a) shows the time-dependent open-circuit voltage
of the device with 30 wt% BLF-PT powders. With increasing frequency from 0.2 to 1.0
Hz, the output voltage is 4.5 V for tapping frequency of 0.2 Hz, tending to saturate at 7 V
for frequency of 1.0 Hz, which is the maximum frequency of our test facility. The increase
of the open-circuit voltage with increasing tapping frequency can be attributed to two
possible reasons,[115-117] 1) the impedance of the device changes with frequency; 2) at
higher frequency, the electrons have less time to balance the piezoelectric potential in the
external circuit, which will cause electrons accumulation at the electrodes and thus higher
current output (Figure 4.11)). This measurement verifies that the device can efficiently
harvest mechanical energy with frequency below 1 Hz.
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Figure 4.11. (a-g) Output current of the PEH with 30 wt% BLF-PT under different impact frequencies with
the pressure of ~ 0.02 MPa. (h) Relationship between the peaks of the output current and the impact
frequency.

Figure 4.12. (a) Schematic circuit diagram for rectification and energy storage, composed of a PEH, a fullwave bridge rectifier, and a capacitor. (b) Time dependent charging curves of capacitors with different
capacitances.

To examine the feasibility of storing the charge from the PEH for powering
electronic devices, a PEH containing 30 wt% BLF-PT particles was used to charge two
capacitors with capacitances of 1.0 and 4.3 µF, just by tapping with an index finger.
Figure 4.12(a) shows the schematic circuit diagram for charging which includes a fullwave bridge rectifier, capacitor, and PEH. The AC output generated by the PEH was first
converted into DC power through the rectifier, and then the DC power was used to charge
the capacitor. As shown in Figure 4.12(b), in the case of the 1 µF capacitor, its voltage
increased gradually and eventually reached its maximum value of 1.5 V within 150 s at a
frequency of around 0.6 Hz; and for the 4.3 µF capacitor, it reached 1.6 V within 300 s.
These results well demonstrate that our device can be a power source for low energyconsumption electronic devices.
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Figure 4.13. Sensitivity performance of the flexible PEH under different impact forces. (a) Schematic
diagram of the test setup. (b-c) Open circuit voltage and short circuit current of the flexible PEH tested by
free-falling of table tennis ball from different heights. (d) Relationship between the peaks of output voltage
(current) and the free-falling height.

In addition to outstanding output performance and high temperature stability, the
flexible PEH can response actively to tiny impact, which indicates its high sensitivity
when served as a force sensor. As shown in Figure 4.13(a), the impact was induced by a
free-falling table tennis ball with the mass of 2.5 g and diameter of 4 cm from different
height ranging from 3 to 18 cm. The force applied on the device by the ball can be
calculated based on the formula ∆𝑚𝑔ℎ⁄∆𝑡, where ∆𝑚𝑔ℎ is the momentum change of
the ball which is totally transferred to the PEH device and ∆𝑡 is the interaction time of
the ball on the device. ∆𝑚𝑔ℎ is calculated as 𝑚𝑔ℎ after the ball is completely stopped
on the device, where 𝑚 is ball mass, 𝑔 is the gravity acceleration, and ℎ is the dropping
height. The impact time is assumed based on the output signal width of the device as 0.5
s. Therefore force applied on the PEH device is approximately 1.5 × 10−3 N for dropping
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from 3 cm height. The open circuit voltage and short circuit current of the device with
30 wt% BLF-PT powders are shown in Figure 4.13(b-d), as for the height of 3 cm, the
output voltage is as high as 11 V. In addition, the output electrical signal responds actively
to the impact force which increases from 11 V/53 nA to 32 V/125 nA when the dropping
height change from 3 to 18 cm. These results demonstrate clearly that our flexible device
can work as a sensor with excellent sensitivity.

Figure 4.14. Sensor measurement results: Open circuit voltage and short circuit current outputs when a
PEH with 30% BLF-PT was used as a sensor: (a-c) bent by fingers through attached conductive wires; (df) attached to the index finger with the poling direction vertical with respect to the finger; (g-i) attached to
the finger with the poling direction parallel to the finger direction. (j) The result of bending durability test
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for 1000 times bending collected at three different periods when PEH is attached to the finger for 12 hours
with finger free motion between test periods. The poling direction parallels to the finger direction.

Figure 4.14 shows the open circuit voltage and short circuit current outputs from the
30% BLF-PT PEH device when the free standing device was bent by fingers through two
attached conductive wires and when it was attached to the index finger joint in two
different directions. The open circuit output peak value of 11.5 V and short circuit current
of about 87 nA were obtained in response to the bending by fingers, as shown in Figure
4.14(a-c), and the open circuit peak voltage and short circuit current values of 15.4 V/93
nA and 20.2 V/124 nA were obtained from the finger joint for poling direction vertical to
the finger (Figure 4.14d, e, f) and parallel to the finger (Figure 4.14g, h, i), respectively.
To verify the mechanical durability of the flexible PEH, the PEH was attached to the
finger for 12 hours without limiting the motion of the finger as shown in Figure 4.14(g),
and the output was then collected at different time respectively, morning (8:00 am), noon
(14:00 pm) and night (20:00 pm). According to Figure 4.14(j), the flexible PEH can
maintain stable output voltage without obvious change even after 12 hours’ free motion
of the finger. The results indicate that the device can not only responds actively to human
movement but also possesses splendid wearability, which proves its capacity for sensing
or harvesting biomechanical energy due to its high flexibility and durability.

4.4 Conclusion
In summary, we have developed a novel approach to fabricating super-flexible
piezoelectric energy harvesters (1 cm × 1.4 cm) based on BLF-PT/PI composite film. The
maximum open-circuit voltage and short-circuit current were measured to be 110 V and
310 nA under the pressure of 0.18 MPa, respectively. The flexible device is frequency
sensitive below 1 Hz. As the frequency increases, the voltage output tends to be saturated,
which means that the device can work under a wide range of frequency. Furthermore, due
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to the benefits of unique PI material-based composite, the flexible energy harvester can
tolerate high temperatures, which greatly broadens the operating range of the device.
Compared with the previously reported piezoelectric energy harvesters, our energy
harvester presents remarkable advantages, such as high electrical voltage output and a
broad operating temperature range, which enable it to serve as a super-flexible microscale
power source and sensor that can work in harsh environments. Moreover, the device
responds actively to human movement, which proves its capacity for sensing due to its
high flexibility and sensitivity. The approach we report here is simple and cost-saving, so
that it can be applied to the fabrication of more flexible energy harvesters based on other
piezoelectric materials.
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Chapter 5. Flexible Hybrid Piezo/Triboelectric Energy
Harvester with High Power Density Workable at Elevated
Temperatures
(This chapter is based on the following published work: Y. H. Sun, Y. Lu, X. N. Li, Z. Y.
Yu, S. J. Zhang, H. J. Sun, Z. X. Cheng*, Flexible hybrid piezo/triboelectric energy
harvester with high power density workable at elevated temperatures, J. Mater. Chem. A.
8 (2020) 12003-12012.)

5.1. Introduction
To meet the rapidly growing demand for wireless sensor networks and portable
electronic devices, the exploration of more sustainable power sources with miniaturized
size is of critical importance for charging these wireless sensing devices.[118, 119] Among
the various kinds of energy sources that have been intensively explored in the past several
decades, such as solar, chemical, geothermal, and mechanical energy, mechanical energy
might be the most widely distributed one that is ubiquitously available, including human
motion, machine vibrations, wind, and flowing water, to name a few. Although
mechanical energy exists abundantly in different forms, a large proportion of them are
ignored and wasted.[120]
In order to make use of mechanical energy in the ambient environment, a variety of
approaches have been developed to convert it directly into electrical energy.[121-123]
Piezoelectric energy harvesters (PEHs) and triboelectric energy harvesters (TEHs), two
examples of such devices that can collect mechanical energy and convert it directly into
electrical energy, have been exploited for practical application in the past decade.[40, 124128]

PEHs transform mechanical energy to electricity through the piezoelectric effect of
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material deformation, while TEHs transform mechanical energy to electricity by the
coupled effects of triboelectrification and electrostatic induction on the friction material.
Actually, with appropriate structural design, both material deformation and contact
friction can take place simultaneously when an external force is applied.[129] Furthermore,
due to the similarity in their output characteristic, and their matching resistance and
working frequency, PEH and TEH devices can be combined into one single device to
form a hybrid piezo-triboelectric energy harvester (P-TEH), which was expected to
greatly enhance the energy harvesting efficiency from ambient mechanical energy.[4]
Up to now, several P-TEHs with promising properties have been fabricated, which
demonstrate the feasibility of combining the two effects in one device at room
temperature.[45, 75, 130, 131] To fabricate the P-TEHs, many kinds of piezoelectric materials,
such as ZnO,[76] polyvinylidene difluoride (PVDF),[132, 133] BTO,[134] and PbZrxTi1-xO3,[135]
have been utilized in the PEH part. Despite the significant advances of ZnO and PVDF
in energy harvesters, their relatively low piezoelectric properties limit further
improvement of their device performance as compared to many perovskite piezoelectric
materials,[136] while environmental concerns about the toxicity of lead have imposed
restrictions on lead-based perovskite piezoelectric materials.[137] Furthermore, to fabricate
the P-TEH, a vertical contact-separation mode TEH has been usually incorporated with a
flexible sandwich structured PEH with sharing of one or two electrodes, thus converting
mechanical energy into electricity using both piezoelectric and triboelectric effects.[4, 15,
138]

Most of the P-TEHs with a sandwich structure, however, require a complex

fabrication process and inevitably increase the difficulty as well as the cost of production.
For practical application, high performance hybridized energy harvesters with simple
structure and an easy operation mechanism are highly desirable. In addition, possible
interference would occur between the TEH and PEH electric fields in the sandwich
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structured P-TEH, which will consequently influence the electrical output. Furthermore,
for the sake of adequate sensitivity at high temperature to monitor engine health and
enable safer, more fuel efficient, and reliable vehicles for aeronautics and space
transportation, the energy harvesters/sensors often need to be as ridiculously light and as
close as possible to the engine component.[40, 139] Therefore, it is of great significance to
design a hybrid energy harvester with simple structure and minimum interference
between the PEH and the TEH to enhance the energy harvesting efficiency, together with
high temperature stability to deal with harsh environment.
Herein, in order to meet the requirements of high temperature application, lead-free
piezoelectric 0.7BiFeO3-0.3BaTiO3 (BF-BT) ceramic powders with high Curie
temperature (TC) and high piezoelectric coefficient which arises from its morphotropic
phase boundary (MPB) were adopted in the PEH part.[140] In addition, to overcome the
difficulty in the poling process due to low electrical resistance of BF-BT and maintain the
outstanding flexibility and robustness of the PEH, BF-BT ceramic particles are mixed
with the polymer matrix of Polyimide (PI) with possesses excellent high temperature
stability (-200 ℃ to 400 ℃). A single electrode TEH was introduced onto the PEH device
via simply sputtering an electrode on the back surface of the PI film to form the P-TEH.
Interdigital (ID) electrodes were coated on the piezoelectric part in our hybridized energy
harvester not only to avoid insufficient poling of thick areas and unexpected breakdown
initiated in the thinner areas due to the non-uniform thickness of the composite
piezoelectric film, but also to avoid interference between PEH and TEH electric fields.
At room temperature, with the impact of a human hand, the maximum output voltage and
current of the P-TEH can reach 175 V and 600 nA, together with the high power density
of 4.1 mW/cm3. In addition, the electric properties of the P-TEH when it was subjected
to high temperature (200 ℃) were also characterized.
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5.2. Experiment section
5.2.1. Fabrication of BiFeO3-BaTiO3 Nano/micro-particles
0.7BiFeO3-0.3BaTiO3 (BF-BT) particles were prepared from analytical grade
powders (99.9%+) of bismuth oxide, ferric oxide, barium carbonate, and titanium oxide.
The raw materials were carefully weighed according to their nominal composition and
then wet-mixed thoroughly for 12 h by zirconia ball milling in ethanol. The mixture was
dried at 80 °C and calcined in a covered alumina crucible at 750 °C for 4 h. The calcined
powders were ball milled again, after which, a binder was added, and the granulated
powders were pressed into pellets with a diameter of 12 mm and thickness of 2 mm. The
pellets were sintered in a covered alumina crucible at 980 °C for 3 h, with powders
sacrificed in order to reduce the volatilization of bismuth oxide. Finally, the pellets were
ground into a powder with a particle size of about 2–3 µm, which was measured by a laser
particle size analyser.

5.2.2 Fabrication process for the P-TEH devices
To make a high quality PI composite, a very thin protective layer (~20 μm) of
polyimide (PI) was fabricated by sequential spin-casting (500 rpm for 30 s and then 2500
rpm for 30 s) of liquid PI onto a glass substrate at room temperature, and it was then cured
in an oven by following a complicated sintering procedure (Figure 4.1). Next, the cured
PI layer was coated with interdigital (ID) electrodes with gap separation of 150 μm, finger
width of 100 μm, and finger length of 1 cm via plasma sputtering and a shadow mask.
The effective area covered by electrode was about 1×1.4 cm2, and a schematic diagram
of the ID electrodes and polarization distribution is shown in Figure 4.4(e). Meanwhile,
conductive wires were attached to the two interdigital electrodes. Thereafter, the BF-BT
powders were uniformly dispersed in the PI solution in various weight fractions of 10,
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20, 30, and 40 wt %, followed by spin-casting on the electrode coated PI protective film.
Therefore, the ID electrodes were protected by the PI film and BF-BT/PI composite,
which could prevent them from being damaged during the measurement process. Then,
the composite film was peeled off from the glass after solidification. Finally, the device
was poled at 185 °C by applying an electric field of 80 kV/cm for 24 h. To enhance the
output performance of the energy harvester, a single-electrode triboelectric energy
harvester (TEH) was introduced by sputtering a Pt electrode on the back surface of the
BF-BT/PI film to form the P-TEH.

5.2.3 Characterization
The structure of the synthesized BF-BT was investigated via using synchrotron Xray diffraction at wavelength of λ = 0.589736 Å. The ground particle size was measured
with a laser particle analyser (Cilas, 1090). Morphologies of the ceramic powders and a
cross-section of the composite were observed by scanning electron microscopy (SEM,
JEOL7500). Element mapping was conducted with the same scanning electron
microscope equipped with energy dispersive X-ray spectroscopy (EDS). The crystal
structure of the ceramic powder was analysed by high resolution transmission electron
microscopy (HRTEM, JEOL2010). The sintered ceramic was polished to the thickness of
1 mm and coated with gold electrode to measure its electrical properties. The capacitance
of the ceramic pellet was measured by a precision analyser (LCR, HP 4980 A, Agilent,
USA), and the dielectric constant was calculated from the measured capacitance. A
ferroelectric test system (TF2000E, aixACCT, Germany) was used to collect ferroelectric
hysteresis loops. The piezoelectric coefficient was measured by a quasi-static d33 meter.
The generated output voltage and current signals were measured by a source meter
(2612B, Keithley, USA) and recorded in real-time by a computer.

80

Chapter 5. Flexible Hybrid Piezo/Triboelectric Energy Harvester with High Power
Density Workable at Elevated Temperatures

5.3. Results and discussion

Figure 5.1. (a) SEM image of BF-BT ceramic particles. (b) Diameter distribution of the BF-BT particles.
(c) EDS mapping shows the well distributed elements Bi, Fe, Ba, and Ti. (d) HRTEM image of a typical
portion of the corresponding particle.

Figure 5.1 shows the characterizations of the BF-BT ceramic. The morphology of
the BF-BT particles crushed from the ceramic pellet was studied by scanning electron
microscopy (SEM), and the typical particles exhibit a homogeneous morphology with
irregular polyhedral shaped particles (Figure 5.1(a)). Their detailed diameter distribution
shows that the average diameter of the piezoelectric BF-BT particles is on the order of 2
µm (Figure 5.1(b)). The energy dispersive X-ray spectroscopy (EDS) mapping images
show the homogenously distributed elements Bi, Fe, Ba, and Ti (Figure 5.1(b)). As shown
in Figure 5.1(c-d), HRTEM was carried out to analyse the crystal structure, and different
interplanar distances can be observed in the HRTEM images.
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Figure 5.2. Rietveld refinement analysis of the XRD spectrum of BF-BT measured at (a) room temperature
(RT), (b) 400 K, (c) 600 K, and (d) 700K.

Rietveld refinement of the synchrotron XRD pattern was also carried out to analyse
the crystal structure, the results of Rietveld refinement show that the synchrotron XRD
pattern of BF-BT has good fitting quality when a combination of rhombohedral and
tetragonal phases are used (weighted profile reliablity factor, Rwp = 8.01%; profile
reliablity factor, Rp = 5.7%), which indicates the coexistence of two phases for the BFBT solid solution with 53.5% R3c phase and 46.5% P4mm phase at room temperature
Figure 5.2(a). The interplanar distances of 0.279 nm and 0.392 nm shown in the HRTEM
image correspond to the (110) and (100) planes of the rhombohedral (R3c, a = b = c =
5.612 Å) and tetragonal (P4mm, a = b = 3.921 Å, c =3.934 Å ) phases, respectively.
Rietveld refinement of the synchrotron XRD patterns at the high temperatures of 400 K,
600 K, and 700 K was also conducted (Figure 5.2(b-d)), with Rwp = 8.43%, 8.62%, 8.94%,
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Rp = 6%, 5.96%, 6.19%, respectively, which further confirmed the coexistence of both
R3c and P4mm phases at different temperatures below the sample’s TC.

Figure 5.3. (a) Dielectric constant and loss of BF-BT as a function of temperature at 10 Hz. (b) Polarization–
electric field (P-E) hysteresis loops of BF-BT ceramic pellet.

Figure 5.3(a) shows the temperature dependence of the relative dielectric constant
(ɛr) and loss (tan δ) at 10 Hz, where the ferroelectric to paraelectric phase transition occurs
at 485 ℃ (Curie temperature, TC), revealing that the BF-BT ceramics have potential for
high temperature energy harvesting. The relative dielectric constant and piezoelectric
coefficient at room temperature are 810 and 192 pC/N, respectively. The room
temperature hysteresis loops, measured under different maximum electric fields at the
frequency of 10 Hz, are shown in Figure 5.3(f). The sample shows a typical hysteresis
loop with the remnant polarization (Pr) of 18 µC/cm2 and coercive field of 27.5 kV/cm.
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Figure 5.4. (a) Schematic illustration of the fabrication process for the flexible hybrid energy harvester. (b)
The final flexible P-TEH device in the bent state. The inset shows the device wrapped around a human
finger. (c) SEM image of a cross-section of the hybrid device, and the inset shows the enlarged picture of
Pt coated on the surface of the PI layer, which is served as one layer of TEH. (d) SEM image of the mixed
PI composite containing BF-BT particles.

Figure 5.4(a) shows a schematic diagram of the fabrication process for a BF-BT/PIbased device. Detailed information on the fabrication is presented in the Experimental
Section. After solidification, polyimide cannot only maintain its flexibility, but also its
stiffness, which will facilitate the efficient transfer of stress to the BF-BT particles when
an external force is applied vertically on the device and enhances the output performance
of the flexible P-TEH device. Figure 5.4(b) shows the flexible device being bent by
fingers with only conductive wires attached, which confirms the remarkable flexibility
and wearability of the P-TEH device. SEM images of the device with 40 wt% BF-BT
particles are shown in Figure 5.4(c-d), including cross-sectional and top-view images,
demonstrating that the BF-BT particles were homogeneously dispersed in the PI matrix,
which ensures the outstanding performance of the P-TEH, as poor dispersion and
aggregation of the BF-BT particles would negatively affect the performance. In addition,
the ID electrode design was adopted to minimize the thickness of the device, so the whole
thickness of the P-TEH device is only about 60 µm, which enables the device to possess
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high flexibility. Furthermore, the equidistant and alternately aligned positive and negative
interdigital electrode fingers will also benefit the poling process. The detailed power
generation mechanism of the PEH device is described in Chapter 4. When a vertical
compressive force is applied on the PEH device, the changed distance between two finger
electrodes will lead to a change in the total polarization of the composite between the two
electrodes, which results in a positive and negative piezoelectric potential change,
respectively. Therefore, the free charges gathered at the electrodes will flow through the
external circuit to balance the piezoelectric potential. As a result, an electric pulse will be
generated in responding to the mechanical stress.

Figure 5.5. Time-dependent open circuit voltage (a) and short-circuit current (b) for fabricated PEHs with
10-40% BF-BT weight fractions. (c) The results of a punching durability test carried out 1000 times for a
PEH measured at three different periods after poling, after 1 day, 30 days, and 60 days.

In addition, in order to fully study the influence of the BF-BT weight fraction on the
output capability of the PEH part and choose the one with the best performance to
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combine with the TEH, a series of PEHs were fabricated with various mass fractions of
BF-BT particles (10, 20, 30, and 40 wt%) by following the same fabrication procedure.
Detailed electrical output is shown in Figure 5.5(a-b) with the highest recorded peak
values of 101 V and 460 nA for the device loaded with 40 wt% BF-PT powders.
Furthermore, the mechanical stability of the flexible PEH with 40 wt% BF-BT powders
was estimated (Figure 5.5(c)). The amplitude of the output open-circuit voltage shows
no obvious change after 1000 cycles for the first day and decreases slightly in its output
when tested at 10 and 60 days.

Figure 5.6. Sensor measurement results: Open circuit voltage and short circuit current when a PEH with
40% BF-BT was used as a sensor: (a-c) bent by wrist movement; (d-f) sensing the fall of drops of water;
and (g-i) sensing blowing wind.

Besides having outstanding energy harvesting performance, the flexible PEHs
respond sensitively to human motion and changes in the external environment, such from
as wrist bending, the fall of drops of water, and blowing wind. Figure 5.6(a-c) presents
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the open-circuit output voltage and short-circuit current from the PEH device with 40
wt% BF-BT particles during human motion when a single device is attached to the wrist
joint. In response to a slight movement of the wrist, a peak voltage of 15.5 V and current
of 55 nA were produced, respectively, which is much higher than the previously reported
results.[6, 107] Furthermore, as shown in Figure 5.6(d-f), an impact was introduced by the
fall of drops of water with a mass of 0.1 g from a height of 30 cm. The force applied on
the device by the water drops can be calculated by the formula ∆𝑚𝑔ℎ/∆𝑡, where ∆𝑚𝑔ℎ
is the momentum change of the water drop, which is assumed to be totally transferred to
the PEH device, and ∆𝑡 is the interaction time of the water drop on the device. ∆𝑚𝑔ℎ is
calculated as 𝑚𝑔ℎ after the water drop is completely stopped on the device, where 𝑚 is
the weight of the water drop, 𝑔 is the acceleration due to gravity, and ℎ is the dropping
height. The impact time is assumed according to the width of the output signal of the
device, which is about 0.2 s. Therefore, the force applied on the device by the dropping
water is approximately 1.5× 10−3 N when the dropping height is 30 cm. The flexible
device responds actively to the tiny impact with an open circuit voltage of 6 V and short
circuit current of 47 nA. In the case of sensing blowing wind, the device is set up vertically
on a bread board and subjected to continuously blowing air at a speed of about 8 m/s,
where the maximum output voltage and current were detected to be 10 V and 39 nA
(Figure 5.6(g-i)), respectively. The fairly large response of the flexible PEH device to the
human motion, water drops, and blowing air clearly indicates its capability for sensing or
harvesting not only biomechanical energy, but also environmental energy due to its
splendid sensitivity and flexibility.
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Figure 5.7. Schematic view of the operating principle of the hybrid energy harvester. (a) Initial condition
of the P-TEH. (b) P-TEH in full contact mode without applied stress. (c) P-TEH in full contact mode with
stress applied. (d) Stress is released on the P-TEH. (e) P-TEH gets back to its initial position.

To further enhance the output performance of the device, a single electrode TEH
was introduced by sputtering an electrode on the back side of the PEH, where the
polyvinyl chloride (PVC) gloves and Pt electrode work as the negative and positive
friction materials respectively, owing to their different triboelectric polarity. Thus, the
structure of the hybrid energy harvester is very simple, consisting of a PEH and additional
electrode on the back side of the PI film of the PEH. The TEH will be working in singleelectrode mode. The combination of contact electrification and electrostatic induction will
cause surface electron transfer and create an electric potential difference between the Pt
electrode and the PVC glove on a human hand after separation due to different polarity.
By repetitively bringing the materials with oppositely charged surfaces into contact and
separation, electrons can be driven to flow through the external load and generate a
continuous output.[141] The functional mechanism of a P-TEH under externally applied
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stress is depicted in Figure 5.7(a-d), which is based on the piezoelectricity produced by
the BF-BT particles and the triboelectricity generated from the contact electrification
process between the gloves and the Pt electrodes. Periodic punching motions with a hand
can be divided into four successive steps, namely contact, pressing, releasing, and
separating. Figure 5.7(a) shows that in the original state, no charges exist on the surface
of the Pt electrode and PVC gloves. Contact triboelectrification occurs when a finger of
the glove comes into full contact with the Pt electrode. The PVC layer receives electrons
at the contact surface as a consequence of the difference in their electron affinities, as
shown in Figure 5.7(b).[141] To balance the TEH electrical potential, electrons will flow
from ground to the Pt electrode to compensate the positive charges. At the same time, as
illustrated in Figure 5.7(c), the pressing motion will lead to deformation of the device,
which will lead to piezoelectric polarization and thus generate piezoelectric potential
between the two electrodes. Consequently, free charges will flow through the external
circuit and gather at the electrodes to maintain balance in the electrical potential. With
proper connections of the external electric circuit, the electrons produced by the
piezoelectric and triboelectric effects can move in the same direction, which can generate
an enhanced and reversible output signal. With the release of stress on the P-TEH, the
piezoelectric potential will disappear, followed by the flowing back of the gathered
charges in the opposite direction (Figure 5.7(d)). Further on, as the human hand in the
glove separates from the device after the pressure is released, the electric potential
between the Pt electrode and the PVC gloves drives the electrons to transfer from the Pt
electrode to ground to balance the TEH electric potential and generate a negative signal
(Figure 5.7(e)).
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Figure 5.8. (a-b) Time dependent open-circuit voltage and short-circuit current of the TEH, PEH, and PTEH. (c-d) Finite element method simulation of the triboelectric potential distribution under inverse
polarity of PEH and electric potential distribution of the PEH when combined with TEH with (e) 0 µC/m2,
(f) 5 µC/m2, (g) 10 µC/m2, (h) 15 µC/m2, (i) 20 µC/m2 surface charge density.

The hybrid P-TEH was tested for energy harvesting with comparison to the energy
outputs from separate PEH and TEH parts. Figure 5.8(a-b) show the output performance
of the triboelectric, piezoelectric, and hybrid energy harvesters under the mechanical
impact (~ 0.18 MPa) of a punching hand wearing a PVC glove at a frequency of 1 Hz.
The electrical output performance was recorded in situ by the source meter with two
channels. The TEH shows a maximum open-circuit voltage output of 67 V and shortcircuit current of 225 nA, while the PEH exhibits a peak open-circuit output of 101 V
with the short-circuit current reaching 460 nA. The maximum open-circuit voltage and
short-circuit current outputs can reach 175 V and 600 nA, taking advantage of the
superimposition of the two effects, which is much higher than the individual piezoelectric
and triboelectric outputs. The open-circuit voltage is higher than a variety of energy
harvesters, while the short-circuit current is not prominent, which is caused by high
resistance of composite layer inherent from PI material.
For comparison with previously reported hybridized energy harvesters with a
sandwich structure,[15, 70, 77, 134] where the polarity direction of the PEH plays an important
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role in the general electrical output, we adopted the ID electrodes to avoid possible
interference between the TEH and PEH electric fields. Finite element method simulation
was conducted to examine whether the polarity of the PEH and the additional TEH would
influence the electrical output of the PEH. A PEH with ID electrodes was pressed to
produce piezoelectric potential, while charges in the interface of the TEH produced an
electrostatic potential. As shown in Figure 5.8(c-d), when the polarity of PEH is changed,
the PEH and TEH maintain electric potential of 100 V and 50 V, respectively, whereas in
the sandwich structured P-TEH, the triboelectric charges will lead to a decline of the peakpeak voltage when the polarity of the PEH is reversed. Thus, under appropriate external
connection, the overall electrical output can be enhanced to 150 V without mutual
interference. In Figure 5.8(e), the surface charge density of the TEH is zero, and the
piezoelectric potential is 100 V. On increasing the surface charge density to 5, 10, 15, and
20 µC/m2, the piezoelectric potential is stable at 100 V, as shown in Figure 5.8(f-i), which
indicate that the TEH component has no influence on the electric potential of the PEH.

Figure 5.9. (a) Schematic diagram of the circuit composed of a P-TEH, two full-wave bridge rectifiers, and
a capacitor for demonstrating the energy generation and storage system. (b) Charging ability test of the
TEH, PEH, and P-TEH.

In order to utilize the flexible P-TEH device as a power source to charge low-power
devices, the alternating electricity generated from the energy harvester should be rectified.

91

Chapter 5. Flexible Hybrid Piezo/Triboelectric Energy Harvester with High Power
Density Workable at Elevated Temperatures

Figure 5.9(a) shows a schematic diagram of a circuit composed of a P-TEH, two fullwave bridge rectifiers and a capacitor. Two full-wave bridge rectifiers were used to avoid
the charges cancelling each other between the TEH and the PEH to achieve electrical
isolation. In the experiment, an external force was applied to the device, just by tapping
with an index finger, at a frequency of around 1.0 Hz. Then, the AC voltage generated by
the device was rectified to DC power through the rectifier to charge a 4.7 µF capacitor.
As shown in Figure 5.9(b), voltages of 2.53 V, 5.03 V, and 6.72 V were achieved for the
triboelectric part, piezoelectric part and the whole device within 300 s, respectively. The
above results indicate that the P-TEH can serve as a promising power source for lowenergy-consumption self-powering electronic devices.
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Figure 5.10. Output voltage of (a) TEH, (b) PEH, and (c) P-TEH measured under different external
resistance loadings in the range from 10 MΩ to 1 GΩ. (d-e) The output voltage and power density versus
the loading resistance of the TEH, PEH, and P-TEH. (f) Charges generated by the TEH, PEH, and P-TEH
under the continuous tapping.

To investigate the instantaneous output power of the flexible BF-BT/PI energy
harvester, the output voltage as a function of load resistance in the range from 10 to 1000
MΩ was recorded, while the power was calculated by the Equation (5-1) below:
𝑃=

𝑈2
𝑅
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where 𝑃 and 𝑈 represent the instantaneous power and peak voltage, respectively, across
the external load 𝑅. The detailed output results are shown in Figure 5.10(a-c). The peak
voltage output value was found to increase steadily with increasing load resistance and
saturated at 800 MΩ, as shown in Figure 5.10(d-e). Similarly, the calculated power
density of the hybrid P-TEH gradually increased to 4.1 mW/cm3, which is higher than the
solely triboelectric and piezoelectric voltage and power density. Under continuous
tapping, the charge quantity of the three modes was characterized, and it was clearly
shown that the hybrid energy harvester can generate more charges under continuous
tapping than the other two modes, which confirms that the P-TEH has greater capability
for energy harvesting (Figure 5.10(f)).

Figure 5.11. One pulse of voltage signal for the three modes: (a) PEH; (b) TEH; (c) P-TEH.

In addition, one pulse of voltage signal for each of the three modes is exhibited in
Figure 5.11, where the hybrid P-TEH shows a broader peak than in the separate modes,
which confirms the positive coupling of the two modes. With the proper connection mode,
the positive coupling of piezoelectricity and triboelectricity can significantly improve the
efficiency of energy conversion from the mechanical to the electrical form. This work
provides a simple approach to combine piezoelectricity and triboelectricity in a single
device with less interference between the PEH and TEH, and with a high output.
Theoretical analysis was also carried out to interpret the results. For the PEH, the
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induced electric potential can be described with Equation (2-12):[142]
𝑉=

𝑑33 𝑇𝐿

(2-12)

ɛ0 ɛ33

where 𝑑33 and ɛ33 represent the piezoelectric constant and dielectric constant of the 0-3dimensional composite materials, 𝐿 is the electrode spacing, and 𝑇 is the applied pressure
on the device. For the TEH, the output voltage is described by the following Equation
(5-2) and Equation (5-3), which are based on the Gauss theorem:[143]
𝐸1 = −

𝑄

(5-2)

𝑆ɛ0 ɛ1

𝑄

𝐸𝑎𝑖𝑟 =

− 𝑆 +𝜎(𝑡)

(5-3)

ɛ0

The voltage between the two electrodes can be calculated by Equation (5-4) and
Equation (5-5):
V = 𝐸1 𝑑 + 𝐸𝑎𝑖𝑟 𝑥

V=−

𝑄
𝑆ɛ0

(5-4)

𝑑

𝜎𝑥

ɛ1

ɛ0

( + 𝑥(𝑡)) +

(5-5)

where 𝑄 is the amount of transferred charges between the two electrodes during
electrostatic induction, 𝑥 is the distance between the two friction layers, and 𝑆, ɛ0 , ɛ1 , 𝜎,
and 𝑑 are the electrode area, permittivity of vacuum, dielectric constant of the PVC,
surface charge density, and friction layer thickness, respectively. From the above
equation, it is concluded that the output voltage is mainly determined by the amount of
transferred charges, the electrode area, and the surface charge density.
For comparison, Table 5.1 summarizes the energy harvesting performance of P-TEH
devices based on different working materials, active areas, and thicknesses. It shows that
our super-flexible P-TEH device achieves the highest power density of 4.1 mW/cm3 with
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the thickness of 0.006 cm, and the electrical output is comparable to those of recently
reported piezo-tribo hybrid energy harvesters.
Table 5.1. Output Performance Comparison of Flexible Hybrid Piezo-Tribo Energy Harvesters.
PEH

TEH

Active area

Thickness

Voltage

Power density

(cm2)

(cm)

(V)

(mW/cm3)

Ref.

BTO + PDMS

Al + PDMS

2.25

0.2

60

0.0487

[134]

ZnO + PVDF

Au + PTFE

1.8

0.245

78

0.1

[76]

PVDF-TrFF/Ag

PDMS/Graphite

36

0.57

190

0.3

[144]

PVDF

Al + PTFE

9

0.8

15

0.0003

[45]

PVDF

Silk + PVDF

8

0.34

500

0.91

[129]

BTO + PDMS

Cu + PDMS

1

0.36

14

0.544

[77]

BTO/Cellulose +

Human skin +

4

0.3

48

1.75

[70]

PDMS

PDMS

BiFeO3-BTO + PI

Pt + PVC

1.4

0.006

175

4.1

This
work

Figure 5.12. (a) Schematic diagram of the measurement system, picture of the high temperature
measurement of (b) PEH in silicone oil and (c) P-TEH in oven.
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Figure 5.13. (a-b) Time-dependent output voltage and current when the PEH is subjected to different
temperatures. (c-d) Time-dependent electrical output when the hybrid P-TEH is subjected to different
temperatures.

The scientific and industrial communities have shown the need for high temperature
energy harvesting. To characterize its high temperature performance, the sole PEH with
40 wt% BF-BT piezoelectric materials was evaluated over the temperature range from 50
to 350 ℃. The device was attached to the bottom of a beaker, which was filled with silicon
oil to maintain a uniform temperature distribution, as shown in Figure 5.13. When the
temperature reached the set value, a stick was used to tap the device at the frequency of
~ 1 Hz. Figure 5.13(a-b) shows that the electrical output in terms of its open-circuit
voltage and short-circuit current is quite stable with no significant decrease, maintaining
nearly 100 V and 425 nA as the temperature approaches 200 ℃, which is much higher
than for the PEH devices made of PVDF (-40‒145 ℃) and polydimethylsiloxane (PDMS)
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(-45‒175 ℃). Above 200 ℃, the positive output decreases slowly to 46 V and 87 nA at
350 ℃, while the PEH devices made of PVDF and PDMS cannot have electrical output
at such a high temperature.[142] This result indicates that the device made of the high
temperature piezoelectric material BF-BT and PI can operate stably up to 200 ℃ and can
survive elevated temperature as high as 350 ℃. The PEH output signals in the positive
direction for measurement temperatures above 250 ℃ are found to be higher than the
corresponding signals in the negative direction. This phenomenon may arise due to two
reasons: the first one is that the PEH can not only work as an energy harvester, but also
as a capacitor to store charges on the surfaces of electrodes when piezoelectric potential
is generated. The stored charges will be consumed if the opposite voltage is applied,
resulting in a smaller electrical signal.[145] On the other hand, with increasing temperature,
the PI matrix may undergo a glass transition and become soft, which means that, after the
removal of the external force, the distance between the two ID electrodes cannot return
to the original state, and thus, there are less accumulated charges on the negative
electrodes to flow back in the opposite direction, leading to the smaller value of the
negative electrical pulse. On the other hand, to characterize the performance of the hybrid
P-TEH at high temperature, the hybrid device was further evaluated under various
temperatures. To avoid the impact of silicon oil on the friction, the P-TEH was fixed in
an oven, the measuring temperature was increased from room temperature to 200 ℃ due
to the limitation of the oven, and when the temperature reached the designed value, a stick
covered with Teflon tape was used to tape the P-TEH at around 1 Hz (Figure 5.12).
Teflon tape was chosen here because of its great triboelectricity, enabling it to lose
electrons, as well as its resistance to elevated temperatures (~ -70‒260 ℃). As shown in
Figure 5.13(c-d), the open-circuit output voltage and short-circuit current are quite stable,
with no obvious fluctuations as the temperature rises to 200 ℃, so that 150 V and 560 nA
98

Chapter 5. Flexible Hybrid Piezo/Triboelectric Energy Harvester with High Power
Density Workable at Elevated Temperatures

are maintained, respectively. This result indicates that the P-TEH can operate under harsh
environmental conditions such as high temperature.

5.4. Conclusions
In summary, we have demonstrated the fabrication of highly durable, stable, and
super-flexible hybrid energy harvester (1 cm ×1.4 cm) with high performance, based on
lead-free BF-BT/PI composite film. With a positive coupling process, the hybrid P-TEH
generates an open-circuit voltage and a short-circuit current of 175 V and 600 nA at room
temperature, respectively, together with high power density of 4.1 mW/cm3, which is,
largely due to the minimized interference between the TEH and PEH components in our
design. Furthermore, due to the adoption of heat-resisting BF-BT/PI composite, the
flexible P-TEH can operate at high temperatures to 200 ℃, with an open-circuit voltage
of 150 V and a short-circuit current of 560 nA which greatly broadens the operating
temperature range compared to previously reported P-TEHs and enables its application
in harsh environments. Due to its low-cost and simple fabrication process, this
environmentally friendly P-TEH hybrid device with extraordinary output performance,
flexibility, and durability offers great potential for use in energy harvesting devices and
sensors.

99

Chapter 6. Piezo-catalytic Degradation of Organic Dyes and Hydrogen Generation by
Nano BF-BT Particles

Chapter 6. Piezo-catalytic degradation of organic dyes and
hydrogen generation by nano BF-BT particles
(This chapter is based on the following submitted work: Y. H. Sun, X. N. Li, A.
Vijayakumar, C. Y. Wang, S. J. Zhang, Z. X. Cheng*, Piezo-catalytic degradation of
organic dyes and hydrogen generation by nano BF-BT particles, Submitted to Nano
Energy, NANOEN-D-20-02052)

6.1. Introduction
At present, the humanity is facing more and more serious environmental problems,
including environmental pollution, the energy crisis, global warming, etc. Among the
various kinds of environmental pollution, water pollution induced by organic chemicals
has drawn special attention due to its major threat to public health. These organic
chemicals can be removed by ozonation and chlorination,[146] biological treatment,

[147]

and oxidation processes.[148] Biological treatment method cannot be used to degrade most
industrial dyes, however, due to the high toxicity and high stability, while ozonation and
chlorination degradation require high operating costs with a high energy consumption.
Although, in recent years, semiconductor photocatalysts have received broad attention for
their ability to degrade dye in wastewater and generate hydrogen under light irradiation,
their working conditions, including their need for light have limited their application in
some special circumstances, such as in dark. In addition, the wide band gaps of
semiconductor photocatalysts can reduce their catalytic efficiency due to limited
utilization of sunlight within the long wavelength band.[149] Currently, with the increasing
need for clean energy, hydrogen has been well-recognized as one of the most promising
energy forms. Therefore, the demand for direct water splitting to yield hydrogen energy

100

Chapter 6. Piezo-catalytic Degradation of Organic Dyes and Hydrogen Generation by
Nano BF-BT Particles

based on new mechanisms is increasing rapidly,[150] and it is of great significance to
develop versatile catalysts that can be used for dye wastewater treatment as well as
hydrogen evolution reaction (HER) with low cost and high efficiency using forms of
energy other than sunlight and electricity.
Piezoelectric materials have been widely used in converting mechanical energy into
electrical energy. Based on the piezoelectric effect, a variety of smart devices have been
fabricated for sensing and energy harvesting from mechanical motion in our living
environment.[97, 120, 142] Recently, piezoelectric materials have attracted much attention as
novel catalysts for utilizing mechanical energy for environmental purification and
HER.[32, 36, 83] Similar to photocatalytic reactions, where light irradiation promotes the
creation and separation of electron-hole pairs, and the formation of powerful oxidizing
agents to decompose organic pollutants and produce hydrogen fuel on the surfaces of the
catalysts,[84] the polarization field generated by mechanical vibration in the piezoelectric
catalysts can work as an effective driving force to promote the mobility of electrons and
holes in the piezoelectric material to further generate strong oxidant free radicals for the
degradation of dye in wastewater and the production of hydrogen.[29-31, 151, 152] Therefore,
the piezo-catalyst is a novel type of green catalyst that can harvest trivial mechanical
energy for the degradation of organics and the generation of H2 as a clean fuel, and
engage in other even more complicated catalytic behavior, such as the recent
demonstration of redox reactions of organic molecules using ball milling of piezoelectric
materials.[35]
To date, the piezoelectric catalysts that have been studied include ferroelectric
BaTiO3 (BTO),[30, 32, 151] Pb(Zr0.52Ti0.48)O3,[28] Pb(Zr0.97Ti0.03)O3-BiFeO3,[83] PMN-xPT,[29]
BiFeO3 (BFO),[153, 154] piezoelectric MoSe2,[155] etc. Among these ferroelectric materials,
BTO possesses good piezoelectric behaviour and has a favourable band alignment for
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HER, since the edge of its conduction band (CB) is -0.5 V vs. reversible hydrogen
electrode (RHE). The wide band gap of 3.19 eV requires higher energy stimulus,
however, for electrons to make a transition to the CB, which is a necessary step for
catalysis to happen.[156] In contrast, the piezo-catalytic performances of BFO and MoSe2
are limited by relatively poor piezoelectric properties. Furthermore, although lead-based
ferroelectric materials exhibit excellent piezoelectric properties to drive dye degradation
performance,[29] they have the disadvantage of being environmentally-unfriendly, which
drastically limits their practical application in environmental treatment. Therefore, it is
highly desirable to develop environmentally friendly materials with excellent
piezoelectric properties and appropriate band structures for efficient wastewater treatment
and for HER. Usually, the capability of piezoelectric materials to work as piezo-catalysts
to degrade organics and generate hydrogen is strongly relied on their band gap and band
alignment to the redox potential as well as their piezoelectric performance. As mentioned
above, BTO with good piezoelectricity has a favourable band alignment for HER but with
a wide band gap (3.19 eV), while BFO with poor piezoelectricity has a narrow band gap
of ~2.2 eV but a misaligned CB with the redox potential of 0.33 V vs. RHE, which
respectively limit their piezo-catalytic behaviors.[153, 156] Therefore, the combination of
these two kinds of materials to form a solid solution (BiFeO3-BaTiO3) with reasonable
piezoelectric properties, can possibly narrow the band gap and tune the CB edge position
close to the redox potential of HER (0 V) for successful hydrogen generation with less
energy input. Fortunately, the novel lead-free piezoelectric solid solution material
BiFeO3-BaTiO3 has recently been demonstrated to have excellent piezoelectric behavior.
Specifically, in the case of 0.7BiFeO3-0.3BaTiO3 (BF-BT) with simultaneous coexistence
of multiple phases, its composition at the so-called morphotropic phase boundary (MPB)
for the highest piezoelectricity endows it with large spontaneous polarization of ~ 30
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µC/cm2 and a large piezoelectric coefficient (d33) of ~ 256.2 pm/V.[157] Although it is not
clear whether the electronic band structure of 0.7BiFeO3-0.3 BaTiO3 is favourable for
organics degradation and HER or not, the electric field in a piezoelectric material can
cause significant electronic band tilting, thus rendering a suitable conduction band edge
position for the HER if it is not too far away before titling.[153] It is noteworthy that such
an electric field experienced by a ferroelectric material always exists due to the existence
of self-polarization and screening space charges. Therefore, even some piezoelectric
materials with minor mismatching of their CB minimum with the redox potential of the
HER could exhibit remarkable piezo-catalytic effect.
In previous reports, however, only the depolarization field induced by ferroelectric
polarization in the piezoelectric material was considered in determining the separation
and movement of electrons and holes for the purposes of degrading organic pollutants
and tilting the energy band gap for HER, while the external field generated by screening
charges adsorbed at the surface of the materials was ignored.[28, 36, 83, 155] As such, it is of
great importance and interest to explore the true mechanism behind how the electric field
inside of the piezoelectric materials drives piezo-catalytic reactions. In addition to the
intrinsic physical properties determining catalytic behaviour, catalytic performance is
strongly influenced by a material’s surface area and available catalytically active sites.[158]
Thus, nanoparticles with small size and large exposed surface areas are also beneficial for
charge transfer between the catalyst and the redox couples to achieve high catalytic
activity.
In this work, we synthesized lead-free 0.7BiFeO3-0.3 BaTiO3 nanoparticles by the
hydrothermal method. Under the mechanical vibration from magnetic stirring, strong
piezo-catalytic degradation of different kinds of dyes, including Rhodamine B (RhB),
Methylene blue (ME), and Methyl orange (MO), were observed. Of particular
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significance, we demonstrate that degradation can take place when water polluted with
dye flows through 0.7BiFeO3-0.3BaTiO3 material anchored on a nickel mesh, which
mimics the treatment of sewage water. Furthermore, HER was also detected under
ultrasound vibration in the dark, and a production rate of 17 μmol/g was achieved. In
addition, a comprehensive mechanism for the piezo-catalysis is proposed. Our work
demonstrates that 0.7BiFeO3-0.3BaTiO3 nanomaterials have full potential for polluted
water treatment and H2 generation by harvesting mechanical energy from the environment
without additional input of electricity.

6.2. Experimental Procedures
6.2.1 Hydrothermal synthesis of 0.7BiFeO3-0.3BaTiO3 (BF-BT)
0.5094 g Bi(NO3)3·5H2O and 0.4242 g Fe(NO3)3·9H2O were dissolved in 4 M HNO3.
Once completely dissolved, 2 M KOH was added into the solution to adjust the pH value
to 7, and then 0.1176 g Ba(NO3)2 was dissolved in the solution to form solution A. 0.154
ml Ti(OC4H9)4 was added into a mixed solvent, which was composed of 1 ml
CH3CH2OH, 0.1 ml H2O, and 0.1 ml CH3COOH, to form solution B. After that, solution
B was added into solution A dropwise to form solution C. After 30 min of vigorous
stirring, 15 ml KOH at the concentration of 15 M was added into solution C with magnetic
stirring for 30 min and then sealed into a Teflon-lined stainless steel autoclave. The
autoclave was heated at 200 ℃ for 8 h, followed by cooling down to room temperature.
After that, the products were collected through centrifugation and fully rinsed with
deionized water and ethyl alcohol. The final products were obtained by drying at 60 ℃
for 12 h. All reagents used as starting materials were of analytical grade.

6.2.2 Basic property characterization of BF-BT material
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The structure of hydrothermally synthesized BF-BT was investigated via using
synchrotron X-ray diffraction at the wavelength of λ = 0.590263 Å. The morphology of
BF-BT was studied by scanning electron microscopy (SEM, JEOL7500), and the crystal
structure of the powder was analysed by the high resolution transmission electron
microscopy (HRTEM, JEOL2010). Ultraviolet visible (UV-Vis) absorption spectra were
collected on a Shimadzu UV-1800-1. The UV-Vis spectrophotometer was used to
compare the changes in dye concentration. To calculate the energy band structure of BFBT, UV-Vis diffuse reflectance spectroscopy (DRS) was conducted on a UV-vis
spectrophotometer (SOLID3700). Nanopowders were pressed into pellets and sintered in
a covered alumina crucible, after which they were coated with Pt electrode for
measurement of the dielectric constant by a precision inductance, capacitance, resistance
analyser (LCR, HP 4980 A, Agilent, USA). A ferroelectric test system (TF2000E,
aixACCT, Germany) was used to collect ferroelectric hysteresis loops. The piezoelectric
coefficient was measured by a quasi-static d33 meter.

6.2.3 Piezo-catalytic activity measurement (dye degradation and water
splitting)
6.2.3.1 Dye degradation under magnetic stirring
90 mg of BF-BT was dispersed in 30 mL Rhodamine B (RhB), Methyl blue (ME),
and Methyl orange (MO) solution at the concentration of 10 ppm, respectively. The
suspension was stirred with magnetic stirrer at a rotation speed of 10 revs/s. Before
introducing the piezo-catalyst to the dyes, the solution was stirred for 30 min in the dark
to reach adsorption - desorption equilibrium between the catalyst and dyes. Then 3 mL of
suspension was taken out of the mixed solution under magnetic stirring every 3 h. Finally,
the solution was centrifuged at 8000 rpm to remove the BF-BT nanoparticles. The
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concentrations of the remaining RhB, ME, and MO were analysed by a UV
spectrophotometer at the characteristic wavelengths of 554, 664, and 464 nm. It is
necessary to note that this procedure was performed in a dark box shielded with
aluminium foil to eliminate the influence of light interference.
6.2.3.2 Dye degradation in flowing water by BF-BT nanoparticles on Ni foam

Figure 6.1. (a) Nickel net without and (b) with BF-BT nanoparticles fixed on it.

90 mg of BF-BT nano particles were anchored on Ni foam by dispersing the BF-BT
nanoparticles in Nafion® solution with isopropanol, and after ultrasonication for 1 h, the
well-mixed solution with BF-BT particles was dropped slowly on clean nickel mesh, after
which, the nickel mesh was placed in air for drying with a beaker covering it to prevent
film breakage induced by the flash evaporation. The net mesh with and without BF-BT
nanoparticles is shown in Figure 6.1 in the Supporting Information. When the Nafion
solution with BF-BT nanoparticles was dry, a proton exchange membrane was formed on
the nickel mesh, which could not only fix the piezoelectric catalyst, but also guaranteed
the movement of electrons generated by the catalyst to enable testing of the possibility of
dye degradation in flowing water with a flow velocity of 0.2 m/s.
6.2.3.3 Detection of active species in catalysis
To identify the reactive species involved in the piezo-catalytic reaction with BF-BT
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catalyst, a radical trapping experiment was performed in the process of decomposing RhB
dye solution. The trapping experiment was conducted under ultrasonic excitation with the
addition of trapping agents into the RhB dye solution. Four different radical scavengers,
including ethylenediamine tetraacetic acid disodium (EDTA, 1 mM), benzoquinone (BQ,
1 mM), AgNO3 (1 mM), and isopropanol (IPA, 1 mM) were used to detect holes (h+),
superoxide radicals (O2-), electrons (e-), and hydroxyl radicals (·OH), respectively.
6.2.3.4 Hydrogen production under ultrasonic irradiation
Piezo-catalytic hydrogen production of the BF-BT nanoparticles was evaluated
offline. In a typical experiment, 30 mg of BF-BT nanoparticles were dispersed in 50 mL
of water/methyl alcohol solution in a volumetric flask. Methyl alcohol was used as a
sacrificial agent. The suspension was purged with nitrogen for 30 min to remove air.
Ultrasonic vibration (100 W, 40 kHz) was used to generate an appreciable stress on the
BF-BT nanopowders via the microbubble explosion force, which has been widely
reported.[159] The sealed volumetric flask was then placed in an ultrasonic bath and
vibrated for different times. To detect the amount of hydrogen generated, 0.5 mL gas
component within the sealed volumetric flask was intermittently extracted and injected
into a gas chromatograph (SRI 8610C) with a thermal conductivity detector. The amount
of hydrogen gas produced was calculated using a calibration curve of moles of hydrogen
versus peak area. In addition, a series of blank experiments were conducted to verify the
credibility of hydrogen production of BF-BT nanoparticles under ultrasonic vibration.
The first comparative experiment was carried out under no ultrasonication, the second
one with only water and the third one with only methanol were ultrasonicated wiothout
BF-BT naonparticles, while the other working conditions are the same as the normal one.

6.3. Results and discussion
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Figure 6.2. (a) XRD patterns and

(b-f) SEM images of the BF-BT particles sintered at different

temperatures. (d) N2 adsorption-desorption isotherms of BF-BT particles sintered at different temperature.
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Figure 6.3. (a) Diameter distribution of the BF-BT particles sintered at different temperatures: (a)
without sintering, (b) 400 ℃, (c) 500 ℃, (d) 600 ℃, and (e) 700 ℃. (f) N2 adsorption-desorption isotherms
of BF-BT particles sintered at different temperature.

Figure 6.2(a) presents the X-ray diffraction (XRD) patterns of the synthesized BFBT particles annealed at different temperatures, in which the strong intensity of the peaks
indicates its excellent perovskite crystalline structure without any detectable impurity
peak. The morphology of the BF-BT samples shows typical spherical structures with
diameters ranging from 20 nm to 120 nm (Figure 6.2(b-f)), which increased as the heattreatment temperature increased. The detailed diameter distribution of the particles
sintered at different temperatures are shown in Figure 6.3(a-e). The nitrogen sorption test
showed that the specific surface area of the sample without heat treatment was 66.7 m2/g
due to the presence of small nanoparticles, and it then decreased to 31.1 m2/g as the heattreatment temperature increased to 500 ℃. After that the value decreased to 16.4 m2/g
when the heat-treatment temperature reached 700 ℃ (Figure 6.3(f)).
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Figure 6.4. (a) Variation of the pseudo-first-order reaction kinetics, and (b) the rate constants for BF-BT
particles sintered at different temperature. (c) XRD pattern and (d) SEM image of BF-BT nanoparticles
sitered at 500 ℃ after piezo-catalysis.

It is found from Figure 6.4(a) that the degradation efficiency increased first and then
decreased gradually as the heat-treatment temperature increased, with the highest
degradation efficiency observed for the sample treated at 500 ℃. The remarkable
difference in catalytic oxidation degradation efficiency can be ascribed to the differences
in nanoparticle size, specific surface area, and piezoelectricity.[84] Small size and high
surface area are helpful to enable piezoelectric nanoparticles to adsorb pollutants.
Furthermore, the migration rate of electric charges between the catalyst and the pollutant
will also increase, which will definitely promote high degradation efficiency. The size of
particles can also influence the ferroelectric and piezoelectric performance of BF-BT.
Both the ferroelectric domain size and the ferroelectric polarization strength decrease with
decreasing particles size, which will theoretically decrease the piezoelectric property of
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BF-BT particles.[160] Therefore, the piezoelectric degradation efficiency presents an
increase with treatment temperature and then a decrease. In the catalytic reaction, the
degradation kinetics of the dye concentration is generally a first-order reaction, since the
dye concentration and time dependence satisfy the Langmuir- Hinshelwood model, which
is usually written in the form of an exponential decay Equation (6-1):[30]
𝐶 = 𝐶0 𝑒 −𝑘𝑡

(6-1)

Where 𝐶 is the the RhB concentration at time t, 𝐶0 is the initial RhB concentration, and
𝑘 is the reaction rate constant. Figure 6.4(b) shows different reaction rate constants for
BF-BT annealed at different temperature, while the BF-BT annealed at 500 ℃ shows the
highest reaction rate constant. Furthermore, the stability of the BF-BT nanoparticles after
12 h piezo-catalysis in dark can be reflected from the XRD pattern (Figure 6.4(c)), which
is quite similar to the one taken before piezo-catalysis (Figure 6.2(a)) and no secondary
phases can be detected. Furthermore, more and more round partiles emerged and they
tend to be more dispersed after long time stirring (Figure 6.4(d)). Thus, in the following
experiments, BF-BT particles sintered at 500 ℃ were targeted for research.
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Figure 6.5. (a) TEM image of the BF-BT nanoparticles heat-treated at 500 ℃. (b) EDS mapping of a
corresponding particle. (c) High resolution lattice image. (d) Rietveld refinement analysis of XRD spectrum
of BF-BT. (e) Dielectric constant and loss of BF-BT as functions of temperature at 1000 Hz. (f)
Polarization-electric field (P-E) hysteresis of BF-BT with BF-BT pellet.

The TEM micrograph of BF-BT particles sintered at 500 ℃ is presented in Figure
6.5(a), which shows that the as prepared BF-BT catalyst possesses a morphology of
square particles with an average diameter of 30 nm. The EDS mapping images show that
the O, Bi, Fe, Ba, and Ti elements are homogeneously distributed (Figure 6.5(b)). To
characterize the coexistence of the two phases (Tetragonal: P4mm and Rhombohedral:
R3c) in the nanoparticle, a high resolution lattice image was taken to analyse the crystal
structure of the BF-BT powder, Figure 6.5(c) shows a typical [0 1 0] zone-axis high
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resolution image, where the non-distorted rectangular lattice consisting of the brightdotted contrast can be seen and can be identified as the tetragonal structure, while the
regions marked by the red circle consist of distorted rectangular structure can be regarded
as the distorted rhombohedral structure.[161] Synchrotron XRD Rietveld refinement was
also carried out with the FullProf package (Figure 6.5(d)), which confirms the
coexistence of 29.2% R3c rhombohedral and 70.8% P4mm tetragonal phases (weighted
profile reliability factor, Rwp = 9.18; profile reliability factor, Rp = 6.53.). The coexistence
of two phases at room temperature will facilite the formation of nano-polar regions for
high piezoelectricity.[12, 162] Figure 6.5(e) shows the temperature dependence of the
relative dielectric constant (ɛr) and loss (tanδ) at 1000 Hz, where no phase transition is
observed below 200 ℃, indicating that the Curie temperature of BF-BT is above 200 ℃.
The room temperature hysteresis loops at the frequency of 1 Hz for different maximum
electric fields are shown in Figure 6.5(f). The sample shows typical hysteresis loops with
a relatively rectangular shape. The remnant polarization, Pr, and the coercive field, Ec,
are on the order of 18 µC/cm2 and 27.5 kV/cm, respectively. The piezoelectric constant
d33 is 190 pC/N, which verifies the piezoelectric property of the synthesized BF-BT.
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Fig 6.6 (a) Piezo-degradation of RhB, ME, and MO by BF-BT particles. (b) Representation of the pseudofirst-order reaction kinetics, and (c) degradation rate constants over different pollutants. (d) Experimental
setup for degrading RhB with fixed BF-BT nanoparticles on nickel foam; a small water pump was used to
spray the RhB solution on the nickel foam with piezo-catalyst. The experiment was conducted in the dark
condition as shown in the inset picture where the setup was covered with aluminum foil. (e) Piezodegradation of RhB and (f) pseudo-first-order reaction kinetics of the fixed BF-BT nanoparticles under the
impact of water, the inset of (e) displays the photograph of RhB under different time of water impact.

In order to evaluate the piezo-catalytic process, degradation of organic dyes by the
hydrothermally synthesized BF-BT nanoparticles was carried out under dark conditions
with magnetic stirring. Rhodamine B (RhB), Methyl blue (ME), and Methyl orange (MO)
were initially introduced as target pollutants. Mechanical stress was applied on the
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suspended piezo-catalyst in the aqueous dye solutions by magnetic stirring. The change
in the dye concentration after different stirring times is presented in Figure 6.6(a-c). It is
clear that the catalysts were capable of degrading the three kinds of dyes, and the highest
degradation efficiency was obtained for RhB, so the degradation of RhB was particularly
studied in the following work.
In practical application, if piezoelectric catalysts are dispersed directly in polluted
water, secondary pollution will be inevitably produced by the catalyst material.
Furthermore, to mimic the sewage water flowing in the drainage system and using the
energy of flowing water to drive the piezo-catalyst, simple equipment was set up as shown
in Figure 6.6(d). To eliminate the effect of light, the set up was covered with the
aluminium foil during the process of circulation. After the dye water has circulated for a
whole day driven by a pump, as shown in the Video S1, it can be clearly seen that the
color of the RhB solution faded significantly. Figure 6.6(e-f) shows the change in the
RhB concentration (C/C0), which decreases gradually to 0.03 after 24 hours’ exposure to
flowing water and thus confirms the ability of the piezo-catalyst to degrade organic
pollutants in flowing water. This experiment demonstrates the possibility of treating
polluted water by a piezo-catalyst and using the energy of flowing water without any extra
energy input, which is a significantly green and economical approach.
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Figure 6.7. (a) Degradation curve of RhB dye solution after adding different scavengers. (b) Representation
of the pseudo-first order reaction kinetics, and (c) variation of the degradation efficiency with the addition
of different scavengers. (d) The piezo-catalytic HER from water splitting under ultrasonic vibration by BFBT nanoparticles after different times.

To investigate the piezo-catalytic mechanism of BF-BT, a series of trapping
experiments were carried out to determine the main active species in the piezo-catalytic
decolorization process by adding different kinds of scavengers to the reaction system. As
shown in Figure 6.7(a-b), the degradation rate decreased with the addition of scavengers.
The RhB degradation efficiency was ~99.9% without the addition of scavengers after 12
hours of magnetic stirring in dark (Figure 6.7(c)). After adding isopropanol alcohol (IPA,
a hydroxyl radical scavenger), the decolorization efficiency of RhB is remarkably
supressed to 0.1% after stirring in the dark for 12 hours, indicating that ·OH plays the
most important role in the piezoelectric degradation process. It can also be observed that
the degradation efficiency of RhB is considerably inhibited to 17% and 26%, respectively,
by the addition of benzoquinone (BQ, a scavenger of superoxide radicals) and AgNO3 (a
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scavenger of electrons). Thus, superoxide radicals and electrons are also reactive species
in piezo-catalytic reactions. Furthermore, with the addition of the hole scavenger
disodium ethylenediaminetetraacetate (EDTA), the degradation efficiency of RhB
decreased slightly to 87%, which indicates that holes are not the main species involved in
piezo-catalytic RhB dye degradation by the BF-BT nanoparticles.

Figure 6.8. (a) UV-vis diffuse reflectance spectrum; (b) Tauc plot of (αhν)2 vs. hν for the band gap energy
of the BF-BT.

To have a complete understanding of the band alignment of the synthesized BF-BT
nanoparticles, UV-Vis diffuse reflectance spectroscopy was conducted, and the UV-Vis
diffuse reflectance spectrum is shown in Figure 6.9(a). According to Tauc relationship,
the energy band gap energy (Eg) of BF-BT can be estimated by Equation (6-2)[163]:
𝛼ℎ𝑣 = (ℎ𝑣 − 𝐸𝑔 )𝑛⁄2

(6-2)

Where 𝛼 is the absorption coefficient, ℎ is the Planck constant, and 𝑣 and 𝑛 are the
photon frequency and a constant, respectively. The value of 𝑛 has an effect on the
electronic transition, and it is selected as 1 or 4 for a direct or an indirect band gap
material. In our case, 𝑛 was determined to be 1 for our synthesized BF-BT with a direct
band gap. Then, by extrapolating the straight portion of the (𝛼ℎ𝑣)2 against ℎ𝑣 plot to the
point where 𝛼 = 0， the band gap of BF-BT can be obtained from the plot of (𝛼ℎ𝑣)2
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versus photon energy ℎ𝑣. As shown in Figure 6.9(b), the band gap energy 𝐸𝑔 of our
synthesized BF-BT nanoparticles is 2.28 eV. Furthermore, the conduction (𝐸𝐶𝐵 ) and
valence (𝐸𝑉𝐵 ) band edges of BF-BT were calculated according to the following empirical
Equation (6-3) and Equation (6-4):[164]
𝐸𝐶𝐵 = χ − 𝐸𝐶 −

1
2

𝐸𝑔

𝐸𝑉𝐵 = 𝐸𝐶𝐵 + 𝐸𝑔

(6-3)
(6-4)

Where 𝜒 is the absolute electronegativity (AE) of the semiconductor, which can be
calculated by the geometric mean of the AE’s of every atom in the solid solution, and it
is calculated to be 5.8 eV for BF-BT. 𝐸𝐶 is the energy of free electrons on the hydrogen
scale, which is about 4.5 eV. Consequently, by taking the value of 𝐸𝐶 and 𝐸𝑔 into
Equation (2) and (3), the conduction and valence band edges are calculated to be 0.16 V
and 2.44 V.

Figure 6.9. Proposed reaction mechanisms of piezo-catalytic degradation. (a, b) Energy band diagram
of BF-BT without and with mechanical strain. (c) The piezoelectric BF-BT nanoparticle is in a stage of
mechanical and electric equilibrium, with all polarization charges completed screened by adsorbed charge
from the solution. (d) With the application of external force/mechanical vibration, the electrons and holes
will move toward the surface of the BF-BT particle in a non-zero electric field due to the unbalanced
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screening charge and polarization charge, to react with the adsorbed H+, OH-, O2, and H2O to balance the
electrical equilibrium and realize the catalytic process. (e) The piezoelectric nanoparticle regains its
mechanical and electrical equilibrium after the sacrifice of adsorbed species in redox reactions. (f)
Electrons and holes flow to the opposite direction as the external force is released and start new redox
reactions.

Based on the experimental as well as calculated results above and a comprehensive
understanding of the ferroelectric/piezoelectric physics, a likely mechanism for the
process of piezo-catalytic degradation of dyes is given in Figure 6.9.[156] As shown in
Figure 6.9(a), after the formation of the solid solution, the band gap of BF-BT is 2.28
eV, and the conduction band minimum is at 0.16 V vs. RHE. Such a band gap is narrower
than the band gaps of BTO (3.19 eV), while the conduction band minimum is much closer
to the potential of HER than BFO. Under thermal excitation, electrons are more easily
excited to the conduction band, enabling the excited electrons to move freely in the BFBT particle. Generally, a ferroelectric piezoelectric material has spontaneous polarization
below its Curie temperature, which causes the polarized charges to be bound to the
opposite ends of the inner surface of the piezoelectric material, and these polarization
charges will create a depolarization field Ed in the materials.[159] The spontaneous
polarization charges are completely equilibrated by the screening charges adsorbed from
the environment, which are mainly H+ and OH- in our solution when the piezoelectric
catalyst is in the condition of mechanical equilibrium. These screening space charges will
create another electric field Es in the materials. Under charge balanced and mechanical
equilibrium conditions, i.e. complete screening, the internal electric field inside the
nanoparticle is EI = ES + ED = 0 (Figure 6.9(c)). With the application of external force on
the piezoelectric material, the ferroelectric polarization of the material will decline due to
the decrease in electric dipoles. As a result, the electrical equilibrium is disturbed due to
the reduction of the polarization charges, and therefore, the electric field EI inside the
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nanoparticle is not zero, which will drive the excited electrons and holes to migrate to the
surface of the nanoparticle. In Figure 6.9(d), the excited electrons will move toward H+,
while the holes will move to OH- and produce reactive species ∙ OH. As a result of the
non-zero electric field, the conduction band of the BF-BT nanoparticles will be tilted to
be suitable for HER and even enable the synthesis of O2- with oxidizability as illustrated
in Figure 6.9(b) and Figure 6.9(d). With the active species ∙ OH and O2-, a series of redox
reactions that can degrade organic pollutants will take place on the surface of the BF-BT
particles. The detailed chemical reactions are shown in the following Equations (6-5),
(6-6), (6-7), and (6-8):
𝐵𝐹 − 𝐵𝑇 + 𝑉𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛 𝐸𝑛𝑒𝑟𝑔𝑦 → 𝐵𝐹 − 𝐵𝑇 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠(𝑒 − + ℎ+ )

(6-5)

ℎ+ + 𝑂𝐻 − → ∙ 𝑂𝐻

(6-6)

𝑒 − + 𝑂2 → 𝑂2−

(6-7)

∙ 𝑂𝐻 𝑎𝑛𝑑 𝑂2− + 𝑂𝑟𝑔𝑎𝑛𝑖𝑐 𝑑𝑦𝑒𝑠 → 𝐷𝑒𝑐𝑜𝑚𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛

(6-8)

Furthermore, with the completion of this step of charge migration and reaction, the
number of H+ and OH- charges adsorbed on the surface is equal to the polarization charges
required to reach the EI = 0 state, as shown in Figure 6.9(e). As the applied force is
released, the polarization intensity increases again to break the charge balance and results
in a non-zero EI state. Such an EI will drive the movement of electrons and holes in the
opposite direction to their initial migration direction in the nanoparticle, resulting in new
redox reactions (Figure 6.9(f)). After the reaction, a dynamic equilibrium is achieved
again in the piezoelectric BF-BT particle, as shown in Figure 6.9(c). These steps are
repeated in the nanoparticles under mechanical vibration and drive the degradation of
dyes.
In order to explore the possibility of generating clean H2 fuel by means of a piezocatalyst driven by mechanical vibration, the HER capability of BF-BT nanoparticles
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under ultrasonic vibration was examined. As shown in Figure 6.9(a), the conductive band
minimum of BF-BT is 0.16 V vs. RHE, which is closer to the H2/H2O redox potential (0
V) than that of BF. Similar to the piezo-catalytic process, when BF-BT particles are
subjected to mechanical vibration, the internal electric field EI is not balanced, which will
drive the electrons and holes to move to the surface of the piezo-catalyst (Figure 6.9(d)).
Correspondingly, the conductive band can be tilted, resulting in a more negative edge
position compared to the redox potential of HER (Figure 6.9(b)). The electrons that have
moved to the other side of the particle will attract the dissolved hydrogen ions on the
nanoparticle surface to produce H2, while the holes will be consumed by the sacrificial
agent CH3OH.[153] Figure 6.7(d) shows that the total hydrogen production per gram of
BF-BT nanoparticles is as high as 8.3, 12, and 17 µmol after 1, 2, and 3 hours of ultrasonic
vibration, respectively, while the first blank experiment without ultrasonication shows no
detectable hydrogen generation, the second and the third comparative experiments
without piezoelectric materials had negligible production of hydrogen of 0.25 and 0.32
µmol/g after 3 hours ultrasonic vibration, revealing the great H2 fuel generation potential
of the BF-BT piezo-catalyst driven by mechanical energy.

6.4. Conclusion
In summary, piezo-catalytic dye decomposition and HER were realized via lead-free
piezoelectric BF-BT nanoparticles, which were synthesized by the hydrothermal method.
Rhodamine B (RhB), Methylene blue (ME), and Methyl orange (MO) could all be
degraded by BF-BT nanoparticles with mechanical stirring. Of particular significance is
that the decomposition ratio of RhB dye was as high as ~98% after stirring BF-BT
nanoparticles in the dye solution for 6 h. In a simple setup to flowing polluted water in
sewage, dyes could be successfully degraded by BF-BT, verifying the potential to treat
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polluted water with the piezo-catalyst without any additional energy input. In addition, a
strong internal electric field in the nanoparticles was induced by mechanical vibration,
which generates band tilting of BF-BT and makes the conduction band more negative
than the H2/H2O redox potential, consequently enabling hydrogen production. Our work
demonstrates the potential of lead-free BF-BT for wastewater treatment and clean energy
exploration through mechanical energy including environmental vibration energy.
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7.1. General conclusions
In this doctoral work, 0.57(Bi0.8La0.2)FeO3-0.43PbTiO3 (BLF-PT) based and
0.7BiFeO3-0.3BaTiO3 (BF-BT) based flexible energy harvesters have been fabricated.
Their electrical output was enhanced through the optimization of the materials
composition and the device structure. In addition, nanostructured BF-BT particles were
exploited in piezo-catalytic reactions, and pollutant degradation and hydrogen generation
were realized. The following conclusions were reached:
(1) 0.57(Bi0.8La0.2)FeO3-0.43PbTiO3 (BLF-PT) with a morphotropic phase boundary
is an excellent piezoelectric material. Its high ferroelectric to paraelectric phase transition
temperature (Tc, 355 ℃), and its splendid remnant polarization (40 µC/cm2) and coercive
field (28 kV/cm), together with an outstanding piezoelectric coefficient (290 pC/N),
guarantees that it will have excellent high temperature applications in energy harvesting
and sensing. The flexible piezoelectric energy harvester (PEH) with 30 wt% BLF-PT
exhibited an open circuit voltage of 110 V and a short circuit current of 310 nA.
(2) Polyimide (PI), which served as the polymer matrix in the flexible energy
harvester, can maintain both flexibility and stiffness after solidification. The other
attractive feature is that it has a broader usage temperature range (-200 ℃ - ~300℃),
which is favourable for fabricating high temperature energy harvesting devices. The
output open-circuit voltage of the PEH made of BLF-PT and PI is quite stable below
150 ℃, and above it, the output decreased slowly, but the device was still workable at
300 ℃ with the output voltage of 30 V.

123

Chapter 7. General Conclusions and Outlook

(3) The adoption of interdigital electrode design can not only facilitate the poling
process on the device, but also minimizes the thickness of the device, which reduces the
device’s weight and improves its flexibility. The flexible PEH based on BLF-PT exhibited
excellent sensitivity and durability, since it can respond actively to a tiny impact and
endure prolonged bending experiments without any obvious change in the electrical
output.
(4) Lead-free 0.7BiFeO3-0.3BaTiO3 (BF-BT) is a promising piezoelectric material
with a morphotropic phase boundary structure. The ferroelectric to paraelectric phase
transition occurs at 485 ℃, revealing its potential for high temperature energy harvesting.
In addition, the piezoelectric ceramic shows a typical hysteresis loop with a large remnant
polarization (Pr) of 18 µC/cm2 and coercive field of 27.5 kV/cm. Its piezoelectric
coefficient at room temperature is 192 pC/N. The highest peak value of 101 V and 460
nA was recorded for a PEH made of 40 wt% BF-BT at room temperature.
(5) To further enhance the output performance of the flexible device, a single
electrode triboelectric energy harvester (THE) was introduced onto the BF-BT based PEH.
Through the positive coupling of the piezoelectric effect and the triboelectric effect, the
hybrid piezo-triboelectric energy harvester (P-TEH) generated an open-circuit voltage
and a short-circuit current of 175 V and 600 nA, respectively, together with high power
density of 4.1 mW/cm3.
(6) BF-BT nanoparticles were synthesized by the hydrothermal method. Under
mechanical vibration, these nanoparticles are capable of degrading organic dyes via their
piezoelectric property.
(7) In addition, a strong internal electric field in the BF-BT nanoparticles was
induced by mechanical vibration, generating band tilting and making the conduction band
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more negative than the H2/H2O redox potential, consequently enabling hydrogen
production.

7.2. Future work
7.2.1 Future work on flexible energy harvesters
In this doctoral work, the sensing and energy harvesting properties of flexible
piezo/triboelectric device with BLF-PT and BF-BT at elevated temperatures have been
studied for the first time, and the performances of flexible devices have been developed
through (i) selecting piezoelectric materials with excellent properties, and (ii) optimizing
device structures by changing the electrode mode and combining both piezoelectric and
triboelectric effects. Although improved electrical properties have been acquired,
representing progress towards practical applications, the following research aspects
should be considered, and more work need to be focused on these considerations:
(1) With the aim of achieving a higher energy conversion efficiency, it is of critical
significance to deepen our understanding of the working mechanisms of energy
conversion and charge transfer, since the in-depth understanding will essentially facilitate
the optimization of devices.
(2) For industrial production, the fabrication procedures for flexible devices need to
be more facile and cost-effective, so new materials with splendid properties can be
exploited and new technologies can be adopted.
(3) Although a high open-circuit voltage was acquired in this work, the short-circuit
current was relatively low, which restricted further improvement in power output. Some
measures, such as doping with an appropriate amount of conductive chemicals, should be
adopted to enhance the output current without disturbing the voltage output.
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(4) The integration of flexible piezoelectric and triboelectric energy harvesters
demonstrated outstanding application prospects. Thus, it would be useful to pay more
attention to the hybrid structures with a view to taking advantage of the properties of
different combinations of materials and harnessing more wasted energy in nature.

7.2.2 Future work on piezo-catalytic reactions
In this doctoral work, the piezo-catalytic performance of BF-BF nanoparticles was
investigated, including in organic pollutant degradation and hydrogen generation under
mechanical vibrations. An appropriate mechanism, based on the polarization-induced
internal electric field with catalytic reactions, has been proposed. Although great efforts
have already been made, polarization-modulated energy harvesting for catalytic
applications is still in its initial stage, and many issues demand prompt solutions.
(1) Recently, most of the piezo-catalytic experiments have been triggered via
magnetic stirring and ultrasonic vibration. Under these conditions, however, the
magnitude of the force applied on the piezoelectric material cannot be calculated
quantitatively, implying that systematic experimental design and theoretical analysis
should be conducted, since they can help to fathom the piezo-catalytic mechanism and
develop more efficient piezo-catalysts.
(2) The mechanism of piezo-catalytic reactions is still ambiguous. It is not fully
understood which is the key factor among a variety of different factors, such as the
piezoelectric coefficient, charge type, and band gap, that determines the catalytic
performance. Sophisticated experiments on different kinds of piezoelectric materials
should be conducted in order to establish the relationship between the catalytic behaviour
and the physical properties of the material.
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(3) To enhance the catalytic efficiency and overcome the limitations due to the
intermittent nature of various energy sources, it would be favourable to combine different
harvesting processes into one, since a single material can usually possess more than one
characteristic among the ferro-, piezo-, and pyroelectric properties.
(4) New material systems such as single-layer 2D materials and organic-inorganic
hybrid perovskites may provide new strategies to further enhance the piezo-catalytic
efficiency. Combination of the piezoelectric material with other kinds of semiconductors
is also an alternative way to take advantage of the synergistic effects of materials.
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